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Anno t a t  i o n  

F i z i k a  p l a n e t a r y  Venera ,  Kuz'man, A . D . ,  M .  Ya. Marov, Phys ic s -  
Mathematics S e c t i o n ,  Nauka Press,  408 p a g e s .  

T h i s  monograph summarizes cur ren t ly-known d a t a  on t h e  
d imens ions ,  f i g u r e ,  r e l i e f ,  r o t a t i o n ,  s u r f a c e  p h y s i c s ,  a tmosphere ,  
i o n o s p h e r e  and upper  a tmosphere  of  Venus. These d a t a  have been  
o b t a i n e d  from measurements made from s p a c e c r a f t  and w i t h  t h e  a i d  
o f  ground-based i n s t r u m e n t s .  

The book c o n t a i n s  a n  ana lys i s  of p r e v i o u s l y - p u b l i s h e d  
m a t e r i a l s  as w e l l  a s  t h e  f i n d i n g s  o f  a u t h o r s  who have made 
i m p o r t a n t  c o n t r i b u t i o n s  t o  t h e  s t u d y  o f  V e m s .  

The book i s  for s p e c i a l i s t s  i n  astronomy and p h y s i c s ,  
u n d e r g r a d u a t e  and g r a d u a t e  s t u d e n t s  i n  t hese  s p e c i a l t i e s ,  and 
s p e c i a l i s t s  i n  o t h e r  b ranches  of  s c i e n c e s  who a re  i n t e r e s t e d  i n  
s p a c e  r e s e a r c h .  
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Dedica ted  t o  t h e  fond  memory o f  Georgiy  N i k o l a y e v i c h  Babakin 

Fore  word 

Q u e s t i o n s  of  t h e  p h y s i c s  o f  p l a n e t s  have r e c e i v e d  a s i g n i f i -  
c a n t  development i n  r e c e n t  y e a r s .  T h i s  has been c a u s e d ,  on one 
hand, by p r a c t i c a l  needs  connected w i t h  t h e  development of  s p a c e  
f l i g h t s  and ,  on t h e  o t h e r  hand, by  t h e  improvement o f  ground ob- 
s e r v a t i o n  t e c h n i q u e s  and by p u t t i n g  s u c h  powerfu l  i n s t r u m e n t s  as  
unmanned s p a c e c r a f t  i n t o  o p e r a t i o n .  A s  a r e s u l t ,  t h e  s t u d y  of  
p l a n e t s  has  been e n r i c h e d  w i t h  new d a t a ,  which have a fundamental  
s i g n i f i c a n c e  and which have l e d  t o  s u b s t a n t i a l  p r o g r e s s  i n  o u r  
c o n c e p t i o n s  of  t h e  p h y s i c a l  c h a r a c t e r i s t i c s  of  t h e  p l a n e t s .  

Venus i s  t h e  p l a n e t  c l o s e s t  t o  Ea r th  and i s  v e r y  similar t o  
E a r t h  i n  mass, s i z e ,  and t h e  amount of s o l a r  energy  i t  a b s o r b s .  
I t  has a t t r a c t e d  t h e  a t t e n t i o n  o f  r e s e a r c h e r s  f o r  many c e n t u r i e s .  
From 1761, when M.V. Lomonosov d i s c o v e r e d  a n  atmosphere on Venus, 
t h e  r e s u l t s  o f  o p t i c a l  and  r a d i o  o b s e r v a t i o n s  have made a g r e a t  
c o n t r i b u t i o n  t o  t h e  s t u d y  of t h e  p h y s i c s  o f  t h i s  p l a n e t ;  y e t  it 
was i n  t h e  1 9 5 0 ' s  and 1960 ' s  t h a t  t h e y  developed  t h e  most. The 
work of t h e  S o v i e t  s c h o o l  o f  as t ronomers  -- r a d i o p h y s i c i s t s  and 
p l a n e t o l o g i s t s  -- have p l ayed  a g r e a t  r o l e  i n  t h i s  r e s p e c t .  The 
r e s u l t s  o f  t h e i r  work have been s e t  f o r t h  i n  d e t a i l  i n  t h e  mono- 
graphs of V.V. Sharonov,  N . P .  Barabashov, V . I .  Moroz, and 
A . D .  Kuz'min. 

R e s e a r c h  f i n d i n g s  i n  t h e  l a s t  decade have brought  f o r t h  
c o n v i n c i n g  e v i d e n c e  t h a t  Venus i s  a u n i q u e  p l a n e t ,  d i f f e r e n t  from 
o t h e r  p l a n e t s  i n  t h e  s o l a r  system, p r i m a r i l y  i n  terms of  t h e  
g a s e o u s  a tmosphere ,  h e a t  c o n d i t i o n s ,  and parameters o f  r o t a t i o n .  
Thanks t o  t h e  l a u n c h  o f  s p a c e c r a f t ,  great  p r o g r e s s  has been made 
i n  t h e  s t u d y  o f  Venus; t h e s e  s p a c e c r a f t  have a l lowed a t m o s p h e r i c  
p r o b e s  behow t h e  l e v e l  of the  dense  c l o u d s  t h a t  c o n t i n u a l l y  wind 
around t h e  p l a n e t .  The s u c c e s s e s  of  s p a c e - r o c k e t  t e c h n o l o g y  have 
made i t  p o s s i b l e  t o  se t  and c a r r y  t h r o u g h  such  e x p e r i m e n t s .  

I n  r e c e n t  years ,  a p lanned  program o f  Venus r e s e a r c h  has been 
c a r r i e d  o u t  i n  t h e  S o v i e t  Union. F l i g h t s  began i n  1961 w i t h  t h e  
l a u n c h  of Venera-1. I n  1965,  t h e  Venera-2 and Venera-3 s t a t i o n s  
made f l i g h t s  a l o n g  f l y b y  and i n t e r c e p t  t r a j e c t o r i e s .  I n  October  
1967 ,  while  d e s c e n d i n g  by  p a r a c h u t e  t o  a l e v e l  t h a t  cor responded 
t o  a p r e s s u r e  o f  a b o u t  1 8  atm, t h e  unmanned Venera-4 s t a t i o n  t o o k  
t h e  f i r s t  d i r e c t  measurements of  t h e  p h y s i c a l  parameters and 
chemica l  c o m p o s i t i o n  of t h e  atmosphere o f  Venus. Measurements made 
by  t h e  American s p a c e c r a f t  Mariner-4, which flew by a t  a d i s t a n c e  
o f  a b o u t  1 0 , 0 0 0  km from t h e  c e n t e r  of  Venus, probed t h e  atmosphere 
on t h e  day  and n i g h t  s ides  o f  the  p l a n e t  down t o  t h e  l e v e l  of 
c r i t i c a l  r e f r a c t i o n  of  r a d i o  waves, and t h u s  complemented t h e  
Venera measurements.  Besides measuring t h e  p a r a m e t e r s  of t h e  
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n e u t r a l  a tmosphere  a t  t h e  a l t i t u d e  of t h e  t r o p o s p h e r e  and s t r a t o s -  
p h e r e ,  b o t h  s p a c e c r a f t  a l s o  s e n t  back i n f o r m a t i o n  a b o u t  t h e  upper  
a tmosphere and ionosphe re  of  Venus and r e v e a l e d  an i n t e r e s t i n g  
f ea tu re  -- a plasma o f  s o l a r  wind s u r r o u n d i n g  t h e  p l a n e t .  The 
f l i g h t s  of Venera-5 and Venera-6 i n  May 1969 s u b s t a n t i a l l y  r e f i n e d  
and added t o  t h e  r e s u l t s  o f  t h e  Venera-4 f l i g h t ,  broadened t h e  
area o f  d i r e c t  measurements of  a tmosphe r i c  t e m p e r a t u r e  and p r e s s u r e  
on t h e  n i g h t  s i d e ,  and made i t  p o s s i b l e  t o  c o n s t r u c t  a model of 
t h e  p l a n e t a r y  atmosphere w i t h  r e l i a b l e  estimates of i t s  s u r f a c e  
p a r a m e t e r s .  

In December 1970,  Venera-7 made t h e  f irst  l a n d i n g  on t h e  n i g h t  
s ide  of Venus and t r a n s m i t t e d  i n f o r m a t i o n  d i r e c t l y  from t h e  p l ane -  
t a r y  s u r f a c e .  In J u l y  1 9 7 2 ,  Venera-8 landed  on t h e  Venusian day 
s i d e  and ,  while  o p e r a t i n g  on t h e  s u r f a c e  i n  t h e  e x t r a o r d i n a r l y  
d i f f i c u l t  c o n d i t i o n s  of  t h e  s u r r o u n d i n g  medium, t o o k  measurements 
f o r  a lmos t  a n  hour .  

T,he f l i g h t s  of t h e  Venera unmanned s t a t i o n s  have e l u c i d a t e d  
t h e  f e a t u r e s  of t h e  p h y s i c a l  s t r u c t u r e  of  t h e  Venusian a tmosphere  
and  have  a l lowed  u s  t o  make more d e f i n i t e  judgments  abou t  t h e  
mechanisms r e s p o n s i b l e  f o r  t h e  development and main tenance  of t h e  
p l a n e t ' s  p e c u l i a r  h e a t  c o n d i t i o n s .  

On A p r i l  1 2 ,  1973,  t h e  P r e s i d e n t  of t h e  USSR Academy of 
S c i e n c e s ,  Academician M.V. Keldysh,  appea red  b e f o r e  a solemn con- 
v o c a t i o n  devo ted  t o  c e l e b r a t i n g  t h e  Day o f  Cosmonautics and s t a t e d :  
"A l a r g e  and i m p o r t a n t  s t a g e  i n  t h e  s t u d y  o f  t h i s  p l a n e t  by u s i n g  
unmanned s t a t i o n s  has been crowned by t h e  expe r imen t s  on Venera-8. 
T h i s  s t a g e  has  r e l i a b l y  e s t a b l i s h e d  t h e  b a s i c  chemica l  compos i t ion  
and p a r a m e t e r s  of t h e  Venus ian  a tmosphere  down t o  t h e  s u r f a c e ,  w e  
have  o b t a i n e d  data  a b o u t  t h e  o p t i c a l  c h a r a c t e r i s t i c s  o f  t h e  atmos- 
phere, and t h e  f i r s t  r e s e a r c h  done d i r e c t l y  on t h e  p l a n e t a r y  surface 
h a s  been accompl ished .  '' 

This f u n d a m e n t a l l y  new information about Venus' physical 
f e a t u r e s ,  i n f o r m a t i o n  t h a t  h a s  been o b t a i n e d  b o t h  by  measurements 
on spacec ra f t  and by o p t i c a l  and radio o b s e r v a t i o n s ,  as w e l l  a s  
t h e  p o s s i b i l i t y  of i n t e r p r e t i n g  more r e l i a b l y  t h e  data  p r e v i o u s l y  
o b t a i n e d  from ground o b s e r v a t i o n s ,  have n a t u r a l l y  n o t  been r e -  
f l e c t e d  i n  monographs more t h a n  7 t o  1 0  years  c l d .  

T h i s  h a s  made i t  n e c e s s a r y  t o  w r i t e  t h i s  book, which a t t e m p t s  
t o  b r i n g  t o g e t h e r  t h e  l a t e s t  i n f o r m a t i o n  abou t  t h e  n a t u r e  of  Venus,  
i n f o r m a t i o n  which h e r e t o f o r e  h a s  been d i s p e r s e d  i n  i n d i v i d u a l  
a r t i c l e s  and r e p o r t s .  The book i s  based on a n  a n a l y s i s  of  t h e  
g r e a t  amount o f  material  c o n t a i n e d  i n  t h e  world l i t e r a t u r e  and on 
t h e  a u t h o r s '  own findings. It i s  meant f o r  spec ia l i s t s  in 
p l a n e t a r y  astronomy and s p a c e  p h y s i c i s t s ,  for g e o p h y s i c i s t s  and 
r e p r e s e n t a t i v e s  o f  r e l a t e d  s p e c i a l t i e s ,  and It can  be of u s e  t o  
e n g i n e e r s  and anyone who i s  i n t e r e s t e d  i n  space  r e s e a r c h  and the  
p h y s i c s  of p l a n e t s .  

iii 



The a u t h o r s  w e l l  know t h a t  t h e i r  work i s  n o t  a n  e x h a u s t i v e  
a c c o u n t  of all t h e  problems t h a t  have t o  do w i t h  t h e  p h y s i c s  of  
t h e  p l a n e t  Venus. Nor have t h e y  s e t  t h e m s e l v e s  such  a t a s k .  
R a t h e r ,  t h e i r  c o n s i d e r a t i o n  i s  p r i m a r i l y  t o  g i v e  t h e  f u l l e s t  pos -  
s i b l e  account  o f  research f i n d i n g s  up t o  t h e  b e g i n n i n g  o f  1973, 
whi le  a t  t h e  same time keeping  t h e  book a t  a n  o p t i m a l  l e n g t h .  I n  
a whole s e r i e s  o f  c a s e s ,  t h e r e f o r e ,  t h e  reader who wishes t o  become 
a c q u a i n t e d  i n  d e t a i l  w i t h  a p a r t i c u l a r  problem i s  r e f e r r e d  t o  t h e  
o r i g i n a l  work; t h i s  i s  g i v e n  i n  t h e  e x t e n s i v e  b i b l i o g r a p h y ,  which 
i s ,  however, i n  no c a s e  t o  b e  c o n s i d e r e d  a f u l l  b i b l i o g r a p h y .  
The reader who i s  prepared ,  who i s  w e l l  a c q u a i n t e d  w i t h  t h e  s u b j e c t ,  
may be d i s s a t i s f i e d  because  t h e  a u t h o r s  have kept  t o  a d e s c r i p t i v e  
a c c o u n t  and t h u s  have n o t  s e t  f o r t h  t h e  m e t h o d o l o g i c a l  s i d e  o f  
t h e  e x p e r i m e n t s ,  a s  w e l l  as t h e  h i s t o r y  of t h e  q u e s t i o n ,  i n  s u f f i -  
c i e n t  d e t a i l .  The j u s t i f i c a t i o n  f o r  t h i s ,  i n  our  o p i n i o n ,  i s  t h a t  
as a r u l e  p r e f e r e n c e  was g i v e n  t o  t h e  most  r e c e n t  works, which 
i n  many c a s e s  c o n t a i n  i n f o r m a t i o n  on methodology and which gene- 
r a l i z e  t h e  s i g n i f i c a n t  r e s u l t s  o b t a i n e d  p r e v i o u s l y .  

A . D .  Kuz'min has w r i t t e n  Chapters I ,  11, 111, and Pa r t  5 of  
Chapter  IV; M . Y a .  Dlarov has w r i t t e n  Chapters 117, V ,  V I  and the 
Appendix. 

The a u t h o r s  c o n s i d e r  it t h e i r  o b l i g a t i o n  t o  emphasize above 
a l l  t h a t  o b t a i n i n g  fundamenta l  r e s u l t s  a b o u t  t h e  n a t u r e  o f  Venus 
would have been i m p o s s i b l e  w i t h o u t  t h e  immense labors of  many 
r e s e a r c h  teams, who have e n a b l e d  unmanned space s t a t i o n s  t o  be 
b u i l t ,  who have d i r e c t e d  t h e i r  f l i g h t s ,  and who have s u c c e s s f u l l y  
c a r r i e d  o u t  complex e x p e r i m e n t s  i n  t h e  p l a n e t a r y  atmosphere and on 
its s u r f a c e .  The a u t h o r s  are  g r a t e f u l  t o  Academician A.P. Vino- 
g r a d o v ,  who i n i t i a t e d  t h i s  work; t o  t h e i r  c o l l e a g u e s  i n  t h e i r  work, 
V.S. Avduyevskiy,  M . K .  Rozhdes tvenskiy ,  V .V.  Kerzhanovich,  
N.F. Borodino,  B . Y e .  Moshkin, A.P. Ekonomov, N . L .  Lukashevich ,  
V . P .  S h a r i ,  V . I .  Po lezhayev ,  Ye.M. F e y g e l ' s o n ,  Yu.N. Vetukhnovskaya, 
O.L. Ryabov and o t h e r s ,  w i t h  whose c o o p e r a t i o n  t h e  i n d i v i d u a l  
i n v e s t i g a t i o n s  r e f l e c t e d  i n  t h l s  book were done;  and t o  t h e i r  
c o l l e a g u e s  a b r o a d ,  who k i n d l y  s e n t  i n  o r i g i n a l  mater ia ls  t o  be 
i n c l u d e d  i n  t h e  book. A t  v a r i o u s  stages i n  working up and o r d e r i n g  
t h e  mater ia ls  used i n  t h e  p r e p a r a t i o n  of  t h e  monograph, M.A. Butu- 
zova, T.I. G a v r i l e n k o ,  N.D.  Rozman, L.D. Lomakina, and T.I. Popova 
were of  g r e a t  h e l p ;  t o  them t h e  a u t h o r s  e x p r e s s  t h e i r  g r a t i t u d e .  

The a u t h o r s  t h a n k  D . Y a .  Martynov, V . S .  Avduyevskiy, and 
G.S. G o l i t s y n ,  who read t h e  manuscr ip t  o r  i n d i v i d u a l  c h a p t e r s  and 
who have made number of v a l u a b l e  comments, and V . A .  Bronshteq who 
t o o k  on t h e  j o b  of e d i t i n g  t h e  book. All wishes  and c r i t i c a l  
remarks w i l l  be a c c e p t e d  w i t h  g r a t i t u d e .  

? 
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PHYSICS OF THE PLANET VENUS 

A . D .  Kuz'min and.M.Ya. Marov 

C 

CHAPTER I.  VENUS AS A PLANET I N  THE SOLAR SYSTEM - / 9 *  

O f  t h e  p l a n e t s  i n  t h e  s o l a r  sys tem,  Venus i s  t h e  second 
c l o s e s t  t o  t h e  Sun,  I ts  ave rage  d i s t a n c e  from t h e  Sun i s  
0.723 a s t r o n o m i c a l  u n i t s ,  i . e . ,  about  1 . 4  t i m e s  c l o s e r  t h a n  t h e  
Ea r th .  The o r b i t  o f  Venus i s  a lmost  c i r c u l a r  ( e c c e n t r i c i t y  0 .0068)  
and  i s  i n c l i n e d  3O24' i n  r e l a t i o n  t o  t h e  E a r t h ' s  o r b i t a l  p l a n e .  

i s  2 2 4 . 7  Ea r th  days.  
i n  o r b i t  i s  35 km/sec. 

The r o t a t i o n  p e r i o d  of Venus a round the  Sun ( s i d e r e a l  p e r i o d )  
The ave rage  v e l o c i t y  o f  t h e  p l a n e t ' s  motion 

A s  i t  moves i n  r e l a t i o n  t o  t h e  Sun and Ea r th ,  Venus goes  
t h r o u g h  p h a s e s  ( f rom t h e  s t a n d p o i n t  of  an  o b s e r v e r  on E a r t h )  s i m i -  
l a r  t o  t h o s e  of  t h e  Moon. A t  i n f e r i o r  c o n j u n c t i o n ,  when Venus i s  
between t h e  E a r t h  and t h e  Sun, t h e  da rk  s ide of t h e  p l a n e t ,  u n l i t  
b y  t h e  Sun, i s  t u r n e d  toward t h e  E a r t h .  T h i s  phase  i s  ana logous  
t o  t h e  new Moon. A t  s u p e r i o r  c o n j u n c t i o n ,  Venus i s  a lmos t  e x a c t l y  
beh ind  t h e  Sun, and i t s  i l l u m i n a t e d  s i d e  i s  t u r n e d  toward t h e  
E a r t h .  This  phase  i s  ana logous  t o  t h e  f u l l  Moon. I n  o t h e r  p o s i -  
t i o n s ,  Venus p a s s e s  t h r o u g h  a l l  t h e  i n t e r v e n i n g  p h a s e s  of p a r t i a l  
i l l u m i n a t i o n  of t h e  d i s k :  t h e s e  a r e  a l s o  ana logous  t o  t h o s e  o f  t h e  
Moon. The maximum a n g u l a r  d i s t a n c e  between Venus and t h e  Sun f o r  
a n  o b s e r v e r  on E a r t h  ( t h e  g r e a t e s t  e l o n g a t i o n )  i s  4 8 O .  The t i m e  
i n t e r v a l  between two i d e n t i c a l  phases ,  t h e  synod ic  p e r i o d ,  i s  e q u a l  
on t h e  average t o  584 Earth days or 8/5 o f  a n  E a r t h  year.  Because 
of this r e l a t i o n  between Venus' synodic p e r i o d  and t h e  E a r t h  y e a r ,  
t h e  c o n d i t i o n s  f o r  o b s e r v i n g  t h e  p l a n e t  r e p e a t  t hemse lves  e v e r y  
8 yea r s .  A l i s t  of  Venus c o n j u n c t i o n s  from 1 9 5 6  t o  2 0 0 0 ,  which w e  
have borrowed f rom [ 1 2 0 ] ,  i s  g i v e n  i n  T a b l e  1. 

l i m i t s  of  63'' a t  i n f e r i o r  c o n j u n c t i o n  t o  10'' a t  s u p e r i o r  
c o n j u n c t i o n .  

The v i s i b l e  ( f rom E a r t h )  a n g u l a r  d i a m e t e r  v a r i e s  w i t h i n  t h e  - /lo 

The magnitude of Venus i s  abou t  4 and does  n o t  depend g r e a t l y  
on t h e  phases  of  t h e  p l a n e t .  Even d u r i n g  t h e  day ,  t h e r e f o r e ,  t h e  
naked e y e  can s e e  t he  p l a n e t ,  if i t s  l o c a t i o n  i n  t h e  heavens  i s  
known. 

The r e f l e c t i v i t y  of t h e  p l a n e t  depends on wavelength .  F i g .  1 
i l l u s t r a t e s  t h e  c h a r a c t e r  of  t h i s  dependence.  Venus i s  one o f  t h e  

* Numbers i n  t h e  margin  i n d i c a t e  p a g i n a t i o n  i n  t h e  f o r e i g n  t e x t .  

1 



t e r r e s t r i a l  p l a n e t s  and has about  t h e  same dimens ions ,  mass, and /11 
a v e r a g e  d e n s i t y  as Earth.  

TABLE 1. L I S T  OF VENUS C O N J U N C T I O N S ,  1956-2000 

)r coniunctil  
Date 

iit fune 
..x anuary 

I September 
I I A p r i l  
I 2  November 
1 ' )  June 
" t i  January 
"1 August 
H Apr i l  

1 1 )  November 
I i' June 
2: : January 
27 August- 
(;April 
i November 

1 :#June 
::I January 
5 August 

. : A p r i l  
5 November 

I ':June 
1 : )  January 
2: August 

1 A p r i l  
2 November 

lo June 
I ti January 
2 1 August 

- 

h p e r i  

Year 

I conjunction 

D a t e  lam- 
1- 
I 

311 August 111 
1 2 A p r i l  I O  
!I Nov 

10 

10 

1 0  
5November 10 

I.5June 
1!1 January l o  
2.1 August l o  
5 A p r i . l  10 
INovember 10 

i i  January I 10 

30 June 

18 June 

I 1 June I IO 

1UAugust- 10 
BApril 10 

:inOctober 10 
1 1  June tt! 

' 

The r a d i u s  of t h e  Venusian c l o u d  l a y e r  i s  6100 k 30 km i n  
Mar tynov ' s  estimate [lo61 and 6120 2 7 k m  i n  Vaucou leu r s '  e s t i m a t e .  
D o l l f u s  1278, 2791, on t h e  bas i s  of a n a n a l y s i s o f  h i s  own measure- 
ments  and t h o s e  of o t h e r  o b s e r v e r s ,  t o o k  n o t e o f t h e  dependence of  
t h e  r a d i u s  on t h e  p h a s e s :  as  t h e  phase a n g l e  d e c r e a s e s ,  t h e  
measured diameter d e c r e a s e s .  H e  e x p l a i n s  t h i s  dependence as a 
change i n  t h e  v i s i b l e  d imens ions  of t h e  d i s k  because  o f  s c a t t e r i n g  
on p a r t i c l e s  suspended i n  t h e  uppe r  a tmosphere .  The s c a t t e r i n g  
e f f e c t  i s  maximum a t  i n f e r i o r  c o n j u n c t i o n ,  when t h e  Sun i n  behind  
t h e  p l a n e t ,  and minimum a t  s u p e r i o r  c o n j u n c t i o n .  I n  t h e  f i r s t  c a s e ,  
t h e r e f o r e ,  t h e  r a d i u s  of t h e  c l o u d  l a y e r  i s  measured.  Dollfus 
de te rmined  t h e  c o r r e s p o n d i n g  a n g u l a r  diameters t o  b e  16.95" * 0.05' '  
and 16.86" ? O . O 5 " ,  which c o r r e s p o n d s  t o  a r a d i u s  of 6140 t 13 km 
f o r  t h e  s c a t t e r i n g  l a y e r  and a r a d i u s  of  6115 ?- 13 km for t h e  c l o u d  
l a y e r .  

t 
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Fig. 1. Reflection and emission 
characteristics of Venus in the 

I;(IZ..-I I 

spectral region from 0.2 to 15 um 
[338]. Along the ordinate are 

Trajec tory  lIi!li 

relative values. The dashed line 
is equilibrium emission at T = 
225'K. The horizontal segments 
are the location of the strongest 
C 0 2  absorption bands. 

Key: a. um 

The measurements by 
Vaucouleurs and Menzel [532] 
o f  the occultation of 
Regulus gave a radius of 
8.506", which corresponds to 
a linear radius of 6169 km. 
The error in the determina- 
tion of this radius is not 
less than 10 km Cl071. 

The first measurements 
of the radius of the plane- 
tary surface were done by 
radio astronomy methods 
and by using a radio 
interferometer with a 
high angular resolution; 
these measurements gave 
6057 f 55 km C831. Later 
radar measurements, as well 
as a combination of radar 
measurements and Mariner-5 
trajectory measurements, 
allowed us to make this 
important parameter more 
accurate and significantly 

reduced the error in its determination. The results of these 
measurements, given in Table 2, show good agreement among the data 
obtained with differerit methods on v a r i o u s  instruments, with an 
average equatorial radius of 6050 km f o r  the Venusian surface. 

TABLE 2. RADIUS OF THE'SURFACE OF VENUS 
. . _ _ _  

I n s t i t u t i o n  

Ca l i fo rn ia  
I n s t i t u t e  of 
Technology 
Li coln  
Lagoratory OIZIGINAL PAGE IS 

OF POOR QUALITY 

E 

Arecibo ~ ~. 

Jet Pro  ul- 
sion d o r a -  
tory  
Jet  Pro ul- 
s ion  Lagora- 
t o r y  

- - - -I 
Radius 
km 

. .-____._ . 
Method of L i t -  

measurement j tE:e 
Radio a s t ro -  
nomy 

Combjned 

measurements 
1961-1966 I 
Radar 

,) 

b 
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For c a l c u l a t i o n  of t he  ephemerides,  a r a d i u s  of 6100 krn i s  
a c c e p t e d ;  t h i s  i s  0.956 t h e  r a d i u s  of E a r t h .  

The p l a n e t a r y  f i g u r e  was measured by radar a t  a wavelength  
of 3.8 cm [506]. The r e s o l u t i o n  of t he  exper iment  was 0 . 5  km i n  
a l t i t u d e ,  1 0 0 0  lan i n  l a t i t u d e ,  and 1 0 0  km i n  l o n g i t u d e .  A t  t h e  
e q u a t o r i a l  p l a n e ,  the  p l a n e t a r y  s e c t i o n  approximates  an  e l l i p s e ,  
and t h e  d i f f e r e n c e  between i t s  semi-major and semi-minor a x e s  i s  /13 
1.1 The major  a x i s  o f  t h e  e l l i p s e  has  an a n g l e  of 55' 
( c l o c k w i s e ) ,  w i th  t h e  d i r e c t i o n  toward t h e  E a r t h  a t  i n f e r i o r  con- 
j u n c t i o n .  The c e n t e r  of  t h e  f i g u r e  i s  s h i f t e d  r e l a t i v e  t o  t h e  mass 
c e n t e r  by  1 . 5  ? 0 . 3  km a t  a d i r e c t i o n  away f r o m  t h e  E a r t h  a t  
i n f e r i o r  c o n j u n c t i o n .  The o b l a t e n e s s  can be e s t i m a t e d  b y  a n a l y z i n g  
t h e  measurement o f  t he  Mariner-5 s p a c e c r a f t ' s  t r a j e c t o r y  i n  t h e  
Venus ian  g r a v i t a t i o n a l  f i e l d  [lei], a c c o r d i n g  t o  which t h e  p r i n -  
c i p a l  moment i s  

0.4 km.' 

Here, A ,  B ,  and C are t h e  momentsof inertia r e l a t i v e  t o  t h e  equa-  
t o r i a l  and  p o l a r  a x e s .  

A n e g a t i v e  v a l u e  f o r  J2 i s  n o t  l i k e l y ,  s i n c e  t h i s  would be 
e v i d e n c e  t h a t  t h e  p l a n e t  r o t a t e s  a round i t s  a x i s  w i t h  a smaller 
moment of  i n e r t i a .  It i s  more p r o b a b l e  and w i t h i n  t h e  bounds o f  
e r r o r  f o r  J t o  have a p o s i t i v e  v a l u e .  From i t s  v a l u e ,  it i s  pos-  

t h e  e q u a t o r i a l  r a d i u s  does  n o t  exceed s e v e r a l  hundred meters. The 
e x p e c t e d  c e n t r i f u g a l  h y d r o s t a t i c  p o l a r  f l a t t e n i n g  f o r  Venus i s  
4 0  cm. 

s i b l e  t o  es  E imate t h a t  t h e  d i f f e r e n c e  between t h e  p o l a r  r a d i u s  and 

The most precise determinations of t h e  mass of Venus w e r e  m a d e  
f rom measurements  o f  t h e  o r b i t s  of t h e  Mariner-2 and Mariner-5 
s p a c e c r a f t ,  which flew by t h e  p l a n e t  i n  1962 and 1967, r e s p e c t i v e l y .  
Accord ing  t o  t h e  Mariner-2 measurements ,  t h e  r e l a t i o n  of  t h e  mass of 
t h e  Sun t o  t he  mass o f  Venus i s  408532 t 37 [178]. According t o  
Mariner-5 measurements ,  t h e  r e t r o g r a d e  mass o f  Venus i s  408522 5 3 
[ 1801. 

The we igh ted  mean a c c o r d i n g  t o  a l l  a v a i l a b l e  measurements 

The a v e r a g e  d e n s i t y  of Venus i s  5.27 g-cm-3 ( f o r  E a r t h ,  t h e  

u s i n g  v a r i o u s  methods i s  M@/M? = 408519 t 11 C3811. 

c o r r e s p o n d i n g  v a l u e  i s  5.52 g-cm-3).  

W 

1 

The g r a v i t a t i o n a l  a c c e l e r a t i o n  on t h e  Venusian s u r f a c e  n e a r  
t h e  e q u a t o r  i s  885 ern-see-2. 
1 0 . 3  km/sec. 

Escape v e l o c i t y  on t h e  s u r f a c e  i s  
+ 

On E a r t h ,  t h i s  d i f f e r e n c e  i s  a b o u t  200  m. 

4 



' a  
No magnetic f i e l d  has been discovered on Venus: the u p p e r  

l i m i t  on d i p o l e  moment i s  3 0 l O - ~  of t h e  Earth's. 
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CHAPTER 11. THE ROTATION AND TOPOGRAPHY O F  mNUS 

11.1. V i s u a l  O b s e r v a t i o n s  

The q u e s t i o n  a b o u t  t h e  e l emen t s  of  Venusian r o t a t i o n  has been 
t h e  s u b j e c t  of numerous i n q u i r i e s :  s i n c e  1666,  i . e . ,  i n  300 y e a r s ,  
more t h a n  1 0 0  a r t i c l e s  have been devo ted  t o  t h i s  s u b j e c t .  

The f i rs t  d e t e r m i n a t i o n s  of  t h e  e l emen t s  of  t h e  p l a n e t ' s  r o -  
t a t i o n  were based on a t , t empt s  t o  d i s c o v e r  c o n s t a n t  f e a t u r e s  on the 
p l a n e t a r y  d i s k  and t o  f o l l o w  t h e i r  a p p a r e n t  mot ion .  After ob- 
s e r v i n g  t h e  movement o f  " spo t s "  on the  v i s i b l e  d i s k  of  Venus, 
J . D .  C a s s i n i  concluded  i n  1666 t h a t  i t s  r o t a t i o n  p e r i o d  was 
2 3  h o u r s  2 1  min.  However, subsequent  o b s e r v e r s  o f  Venus cou ld  not 
d i s c e r n  any s u r f a c e  d e t a i l s  on Venus and t h u s  even conf i rm the  
p r e s e n c e  o f  " s p o t s .  '' 

p l a n e t a r y  d i s k  and even drew up a map o f  Venus, which d e p i c t e d  
"oceans"  and " c o n t i n e n t s . "  From t h e  motion of what he t h o u g h t  were 
c o n s t a n t  s u r f a c e  f e a t u r e s ,  he o b t a i n e d  a r o t a t i o n  p e r i o d  of  
2 4  d a y s  8 h o u r s .  

For t h e  n e x t  1 5 0  y e a r s ,  t h e  m a j o r i t y  of o b s e r v e r s  o b t a i n e d  a 
v a l u e  o f  c l o s e  t o  23 h o u r s  f o r  t he  r o t a t i o n  p e r i o d  of Venus. 
S c h i a p i r e l l i  o b t a i n e d  a comple t e ly  d i f f e r e n t  r e s u l t  i n  1887.  H e  
found t h a t  t h e  r o t a t i o n  p e r i o d  was e q u a l  t o  t he  p e r i o d  o f  r e v o l u -  
t i o n  a round t h e  Sun ( 2 2 4 . 7  days)  and ,  c o n s e q u e n t l y ,  t h a t  Venus 
a lways  had one s i d e  t u r n e d  toward t h e  Sun. 

S i x t y  years l a t e r ,  F .  B i a n c h i n i  a g a i n  observed  d e t a i l s  on t h e  

Such a wide d i s c r e p a n c y  i n  d e t e r m i n a t i o n s  o f  r o t a t i o n  p e r i o d  
i s  caused  by t h e  f a c t  t h a t  t h e  s u r f a c e  of Venus i s  covered  w i t h  a 
dense  c l o u d  layer. The details o f  t h e  c l o u d  cover itself are  so  
b l u r r e d  and changeab le  tha t  i t  i s  d o u b t f u l  whether any such  d e t a i l s  /15 
e x i s t  a t  a l l .  

O b s e r v a t i o n s  i n  t h e  i n f r a r e d  r e g i o n  o f  t h e  spec t rum,  which i s  
t r a n s p a r e n t  f o r  s e v e r a l  forms of haze  and  f o g ,  a l s o  y i e l d e d  no 
r e s u l t s .  N e v e r t h e l e s s ,  pho tographs  t a k e n  by Ross i n  u l t r a v i o l e t  
l i g h t  i n  1926  [ 475 ]  unexpec ted ly  r e v e a l e d  da rk  bands l o c a t e d  a lmost  
p e r p e n d i c u l a r  t o  t he  t e r m i n a t o r .  The bands char?ged p o s i t i o n  from 
day  t o  day ;  t h i s  i n d i c a t e d  t h a t  t h e y  were o f  a tmosphe r i c  o r i g i n .  
Ross estimated the  r o t a t i o n  p e r i o d  a t  c l o s e  t o  1 month. I n  1950- 
1954, Kuiper  [387] conf i rmed t h e  p r e s e n c e  of  t h e  bands t h a t  Ross  
had s e e n .  I n  K u i p e r ' s  o p i n i o n ,  t h e  p r e s e n c e  o f  bands i n d i c a t e d  a 
c o m p a r a t i v e l y  r a p i d  r o t a t i o n  a round i t s  a x i s .  Boyer and Camichel  
d i d  de t a i l ed  r e s e a r c h  on t h e  bands obse rved  i n  t h e  u l t r a v i o l e t  
r e g i o n  of the spec t rum.  

Boyer [ 221 ]  t o o k  pho tographs  of Venus i n  1957, 1959,  and 1960 
and no ted  t h a t  t he  d e t a i l s  repeated themse lves  e v e r y  4 days .  I n  

6 
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o r d e r  t o  e x p l a i n  t h e s e  f i n d i n g s ,  he advanced t h e  h y p o t h e s i s  t h a t  
t h e  r o t a t i o n  p e r i o d  o f  Venus was about  4 days and t h a t  t h e  s p i n  
a x i s  was a p p r o x i m a t e l y  p e r p e n d i c u l a r  t o  t he  p l a n e  o f  t h e  e c l i p t i c .  

Camichel C2301 compared h i s  own photographs  w i t h  t h o s e  ob- 
t a i n e d  a t  o t h e r  o b s e r v a t o r i e s  and t a k e n  a t  i n t e r v a l s  o f  s e v e r a l  
hour s .  I n  many c a s e s ,  he d i s c o v e r e d  a s h i f t  i n  t h e  d e t a i l s ,  a 
s h i f t  tha t  cor responded t o  a r e t r o g r a d e 1 3 r o t a t i o n .  

F o r  a more de~ ta i l ed  i n v e s t i g a t i o n ,  Boyer and Camichel [ 2 2 2 ]  
p u t  t h e i r  photographs  t o g e t h e r  and s e l e c t e d  t h e  b e s t  o n e s .  An 
a n a l y s i s  of  t h e s e  photographs  l e d  them t o  conclude t h a t  there  i s  a 
c o n t i n u o u s l y  e x i s t i n g  d a r k  f o r m a t i o n  i n  t h e  shape of t h e  l e t t e r  
"Y" l a i d  on i t s  s ide  on t h e  v i s i b l e  s u r f a c e  of  t h e  p l a n e t .  The 
v a r i o u s  p a r t s  o f  t h i s  f o r m a t i o n ,  which a p p e a r s  on t h e  i l l u m i n a t e d  
p a r t  of  t h e  d i s k ,  c r e a t e d ,  t h a n k s  t o  r o t a t i o n ,  d i f f e r e n c e s  i n  t h e  
a p p a r e n t  p i c t u r e  of d a r k  and l i g h t  zones .  

Making u s e  of t h e  o b s e r v a t i o n a l  material gathered a t  Pic-du- 
Midi i n  1948-1960 and i n  B r a z z a v i l l e  i n  1953-1954, t h e  a u t h o r s  
[223] were a b l e  t o  work w i t h  data t h a t  t o o k  i n  a t i m e  p e r i o d  o f  

'many y e a r s .  A s  a r e f e r e n c e  p o i n t ,  t h e y  s e l e c t e d  t h e  p o i n t  where 
t h r e e  bands came t o g e t h e r  t o  form t h e  w-shaped f e a t u r e .  Measure- /16 
ments  of t h e  s h i f t i n g  of t h i s  p o i n t  on a l l  t h e  c o l l e c t e d  photo-  . 
g r a p h s  showed t h a t  t h e  f e a t u r e  s h i f t e d  from photograph  t o  photo-  
graph i n  a r e t r o g r a d e  d i r e c t i o n  w i t h  an  a v e r a g e  v e l o c i t y  o f  about  
1 0 0  m/sec. 
e v e r y  4 d a y s .  V a r i a t i o n s  from 3.5 t o  4 .5  d a y s  were n o t e d  i n  t h i s  
p e r i o d .  

- 

T h i s  c o r r e s p o n d s  t o  a f u l l  r e v o l u t i o n  around t h e  p l a n e t  

B. S m i t h  made similar o b s e r v a t i o n s  C504, 5051 i n  1966-1967 a t  
a n  o b s e r v a t o r y  i n  N e w  Mexico and v e r i f i e d  what t h e  French  a s t r o n o -  
m e r s  had d i s c o v e r e d :  the  r a p i d  movements of formations on t h e  disk 
o f  Venus, observed  i n  t h e  u l t r a v i o l e t  spectrum. The a v e r a g e  
v e l o c i t y  of these f o r m a t i o n s  was 1 0 0  m/sec i n  a r e t r o g r a d e  d i r e c -  
tion. Variations of 10-20% in v e l o c i t y  were observed. N o  
c o n n e c t i o n  between t h e  v e l o c i t y  of movement and t h e  l a t i t u d e  was 
o b s e r v e d .  

I n  S m i t h ' s  o b s e r v a t i o n s ,  t h e  c l o u d s  d i d  n o t  m a i n t a i n  t h e m s e l v e s  
o v e r  s e v e r a l  years ,  as Boyer had r e p o r t e d .  According t o  data from 
S m i t h ' s  subsequent  o b s e r v a t i o n s  C5051, t h e  l i f e t i m e  of t he  w - 
shaped f o r m a t i o n  i s  10-15 d a y s .  

f e a t u r e s  are  s h o r t - l i v e d  f o r m a t i o n s  (no l o n g e r  t h a n  20 days )  and 
are d i s t r i b u t e d  randomly a b o u t  t h e  s u r f a c e  of  t h e  p l a n e t .  There-  
fore ,  what Boyer  and Guerin [ 2 2 4 ]  had de termined  as  t h e  r o t a t i o n  
p e r i o d  o f  t h e  c l o u d  c o v e r  -- 3.995 days -- i s  e v i d e n t l y  f i c t i t i o u s ,  
c a u s e d  by t h e  s t r o b o s c o p i c  e f f e c t  o f  r e p e a t e d ,  one-per-day observa-  
t i o n s  made d u r i n g  the  s h o r t  t ime t h e  p l a n e t  i s  v i s i b l e  from a 
s i n g l e  o b s e r v a t o r y .  

S c o t t  and Reese [489] have r e c e n t l y  shown t h a t  t h e  w -shaped 
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, Guinot [330]  used a high-resolution interference spectrograph 
to make independent observations of the velocity with which the 
cloud formations on Venus move. By measuring the Doppler shift 
of the lines in the visible region of the planet's spectrum, he 
determined that the velocity with which the cloud cover moves while 
making a full revolution around the planet corresponded to 
4.1 5 0.7 days, in a direction opposite to that with which the 
planet revolves around the Sun. 

Other data (e.g., the shift of the line of the terminator 
caused, according to Goody [313, 3251,  by strong convective move- 
ments) are not numerous and are basically of an indirect character. 

Fig. 73 g i v e s  exemplary photographs of these ultraviolet 
details. 

Thus, observations in the ultraviolet region of the spectrum - /17 
have allowed us to estimate the velocity with which cloud forma- 
tions in the Venusian atmosphere move. But they have given no 
information about the elements of the rotation of the planet itself. 
The determination of these parameters has become possible only in 
the last decade with the aid of planetary radar. 

In connection with the fact that the Venusian atmosphere is 
opaque to visible and infrared radiation and that the posslbili- 
ties of using descent apparati for research are limited by the 
complexity of such an experiment, the basic source of information 
about the surface of Venus is radio astronomy and radar measure- 
ment of the planet. 

For convenience, basic information about radar astronomy 
(and in Section 111.1, radio astronomy) concerning primarily termi- 
nology and the methods of determining basic parameters is given 
below. Readers familiar with radio astronomy and radar astronomy 
can skip these sections. 

11.2. The Fundamentalsof Radar Research of Planets 

Radar astronomy arose in the second half of the 1940's from 
the application of radar methods and techniques to the study of 
celestial bodies. Its purpose is to study these bodies from the 
radio signal they reflect; radio transmitting devices used es- 
pecially for this purpose generate and direct this radio signal. 

In its application to planets, an analysis of reflected radio 
signals makes it possible to determine the permittivity of the 
material and the character of the surface roughness of the planet, 
the dimensions of the planet, its figure, its topography, the 
elements of rotation, the ephemerides, and the orbital parameters. 

a 

a 

a 

. 
The determination of the permittivity of the surface material 

and the character of its roughness is done by measuring the 
echo intensity and its time-frequency dependence. 
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8 
For normal incidence, the reflection coefficient Rs of a s u r -  

face consisting of a dielectric with a complex permittivity 
E = E '  t iE"is determined by the relation /a 

OF PW'R QUALITY 

Here E *  = 6' + Ei" is the complex conjugate of permittivity E .  

most silicate rocks ,  (11.1) reduces to the well-known form 
If E" < E '  (low electrical conductivity), which occurs for 

From t'his, if Rs is known, it is not difficult to calculate 

(11.2) 

The value Rs can be determined from measurements of the radar 
cross section 

where TR* is the area of the planet's geometric section. 

ment. Transforming the well-known radar equation (cf., for 
example, [16]) 

The radar cross section Sr is determined directly f rom measure- 

where Pt is t h e  power of the transmitter, G is the gain of the 
transmitting antenna, A is the effective receiving area of the 
receiving antenna, and r is the distance to the reflecting object, 
we obtain 

(11.6) 
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It is customary to express the results of the measurement of S, 
as a fraction of the geometric area of the planet's section 

The direction coefficient g characterizes the dependence of - /19 
the scattered echo on the surface roughness. The value of g is 
defined by the relation 

( 1 1 . 7 )  

where F(B,i,@) is the scattering function, which shows the depen- 
dence of the scattered echo on the angle of incidence 0 ,  the a n g l e  
of reflection i, and the difference between the azimuths of in- 
cident and reflected beams @ (Fig. 2). Finding this function is 
possible only theoretically, by examination of the scattering 
mechanism of a reflecting surface. with specific 
statistically-given roughness, or practically, k y  suitable 
experiment. 

In radar observations of the planet 
from the Earth, measurements of F ( B , i , @ )  
are made only for the partical case of re- 
flection in the direction of the incident 
beam (I = 0 ,  0 = 0 ) .  The measured value  
in this is the reflection function F ( B ) ,  
which is thus a special case of the 
scattering function F(B,i,O). 

Fig. 2. The ge- 
ometry of reflec- 
ted radiation. 

Key: a. Incident 
beam; b .  Reflected 
beam 

The scattering function F ( B , i , O )  cannot 
be determined by experimentation on Earth. 
It is therefore necessary to limit oneself 
to an approximate estimate of the parameter 
g, an estimate based on the results of the 
determination of the statistical properties 
of the reflecting surface from measurement 
of the reflection function. 

For  a sphere that i s  smooth on the scale 
of a wavelength (a sphere that gives a 
specular reflection), g = 1. 

t 

For a surface that consists of many sufficiently large (by 
comparison to wavelength),, randomly inclined, flat, specular- /20 
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reflecting segments, the reflection is called quasi-specular. The 
most widely used means of statistically describing such a surface 
is the following. Let us assume that the true surface differs 
from the mean surface and that deviations are random, so that 
deviations from the mean elevatioc are characterized 
by a normal distribution with a mean square d e v i a t i o n  ho or with 
a mean slope a = ho/do of flat, specular-reflecting segments. 
The horizontal- scale of surface roughness is given by the a u t o -  
correlated function r(d), Two forms of this function are used: 
the gaussian 

- 

and the exponential 

(11.8) 
ORIGNAL PAGE IS 
OF POOR QUALITY 

For a gaussian slope distribution, the direction coefficient 
of the reflected echo is 

2 . I ' I t : .  (11.10) 

The value a is determined on the basis of the reflection function 

For e x p o n e n t i a l  distribution 

1 
' I .  

2 1 -  

(11.11) 

(11.12) 

The value C = d'X 
tion function 

is also determined on the basis of the reflec- 'rrh0 

The choice between gaussian and exponential slope distribu- 
tion is made on the bas is  of a criterion of whether F,(8) or Fe@) 
corresponds to the experimentally measured reflection function. 
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F o r  Venus, c1 <<  1 and 1 / C  <<  1; t h e r e f o r e ,  i t  can be assumed /21 
w i t h  s u f f i c i e n t l y  good a p p r o x i m a t i o c  t h a t  for q u a s i - s p e c u l a r  
r e f l e c t i o n ,  g 2 1. 

t h a t  i s o t r o p i c a l l y  s c a t t e r s  t h e  echo as i n  Lambert’s r u l e  
For  a s u r f a c e  t h a t  i s  rough on the  s c a l e  of  a wavelength  and 

F (0) = COS20, (11.14) 

t h e  d i r e c t i o n  c o e f f i c i e n t  o f  t h e  r e f l e c t i o n  i s  g = 8/3.  

I n  t r e a t i n g  t h e  r e s u l t s  of radar  measurements of Venus, it i s  
cus tomary  t o  p r e s e n t  t h e  echo  as  t h e  sum o f  two components:  t h e  
q u a s i - s p e c u l a r ,  which i s  caused  by s p e c u l a r  r e f l e c t i o n  of  f l a t  
segments  i n  t he  r e g i o n  n e a r e s t  t h e  E a r t h ;  and t h e  d i f f u s e d ,  which 
i s  caused  by  t h e  i s o t r o p i c - s c a t t e r i n g  p a r t  of a s u r f a c e  rough on 
t h e  s c a l e  of a wavelength .  
c r o s s  s e c t i o n  may be r e p r e s e n t e d  i n  t h e  f o r m  

I n  such  approx ima t ion ,  t h e  t o t a l  radar 

where ad i s  t h e  r a t i o  of t h e  area o f  t h o s e  segments  of t h e  p l a n e t ’ s  
d i s k  t h a t  g i v e  a d i f f u s e d  r e f l e c t i o n  t o  t h e  c r o s s  s e c t i o n  area of 
t h e  p l a n e t ,  gs and gd are  the  d i r e c t i o n  c o e f f i c i e n t s  o f  s p e c u l a r  
and d i f f u s e d  r e f l e c t i o n s .  

By d e s i g n a t i n g  bs and bd a s . t h e  r a t i o s  o f  t h e  energy  of  t h e  
s p e c u l a r  and d i f f u s e d  components t o  t h e  t o t a l  r e f l e c t e d  power 
(bs + bd = 1) and by assuming,  in connection w i t h  what was Set 
f o r t h  above ,  t h a t  g, 2 1 and gd = 8/3 ,  and c a r r y i n g  t h r o u g h  s i m p l e  
t r a n s f o r m a t i o n s ,  w e  o b t a i n  

The v a l u e s  bs and bd are  de te rmined  by expe r imen t .  

One may f u r t h e r  c a l c u l a t e  

(11.16) 

1 
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' *  S e p a r a t i o n  of  t h e  q u a s i - s p e c u l a r  and d i f f u s e d  components i s  / 2 2  -- 
done by a n a l y z i n g  t h e  r e f l e c t i o n  f u n c t i o n ,  which i s  more conve- 
n i e n t l y  per formed on a l o g a r i t h m i c  p l o t :  

It i s  obvious  t ha t  w i t h  s u c h  a c o n s t r u c t i o n ,  t h e  r e f l e c t i o n  
f u n c t i o n  of t h e  d i f f u s e d  component w i l l  have t h e  form of a s t r a i g h t  
l i n e  w i t h  a n  a n g u l a r  s l o p e  e q u a l  t o  2 .  By e x t r a p o l a t i n g  t h i s  
s t r a i g h t  l i n e ,  one may o b t a i n  t h e  r e f l e c t i o n  f u n c t i o n  of t h e  d i f -  
f u s e d  component F d ( 8 )  i n  t h e  whole r a n g e  of  a n g l e s  8 from 0" t o  90". 
The v a l u e  of bd i s  de termined  f rom t h e  r e l a t i o n  

A l l  t h e  r e m a i n i n g  echo i s  c o n s i d e r e d  q u a s i - s p e c u l a r  and 

The r e f l e c t i o n  f u n c t i o n  may b e  de te rmined  e x p e r i m e n t a l l y ,  on 

g 2 g, = 1 and bs Z 1 - bd i s  assumed f o r  i t .  

t h e  bas i s  of  d a t a  from t h e  measurement of  r a n g e  d i s t r i b u t i o n  of  
t h e  echo i n t e n s i t y  o r  by data from measurement of  t h e  echo f r e -  
quency spec t rum.  

A s  i t  i s  r e f l e c t e d  from a s p h e r i c a l  p l a n e t ,  t h e  s i g n a l  becomes 
l o n g e r  i n  t i m e .  
t i o n  v e l o c i t y  of e l e c t r o m a g n e t i c  waves and by the  d e p t h  o f  t h e  
r e f l e c t i n g  body along t h e  line of s i g h t .  It i s  obvious  t h a t  t h e  
f i r s t  t o  be  r e c o r d e d  on t h e  r e c e i v e r  will b e  t h e  echo r e f l e c t e d  o f f  
that point on t h e  p l a n e t a r y  s u r f a c e  c l o s e s t  to t h e  observer on 
E a r t h .  T h i s  p o i n t  ( F i g .  3 )  i s  u s u a l l y  ca l led  t h e  " s u b r a d a r  p o i n t . "  
A t  t i m e  t a f t e r  t h e  b e g i n n i n g  of  t h e  p u l s e  of  t h e  echo ,  t h e  energy  
r e c e i v e d  w i l l  b e  caused by r e f l e c t i o n  of  t h o s e  p o i n t s  on 
t h e  p l a n e t a r y  s u r f a c e  t h a t  a re  a t  a d i s t a n c e  c t / 2  a l o n g  t h e  l i n e  
o f  s i g h t  beyond t h e  s u b r a d a r  p o i n t .  It i s  obvious  t h a t  t h e s e  
p o i n t s  l i e  on a c i r c u m f e r e n c e ,  t h e  c e n t e r  of which i s  l o c a t e d  on a 
s t r a i g h t  l i n e  t ha t  p a s s e s  t h r o u g h  t h e  s u b r a d a r  p o i n t  and t h e  c e n t e r  
o f  t h e  p l a n e t a r y  s p h e r e ,  a t  a d i s t a n c e  o f  c t / 2  from t h e  f i r s t .  It, 
i s  n o t  d i f f i c u l t  t o  show t h a t  t h e  angle 8 under which t h i s  circum- 
f e r e n c e  i s  v i s i b l e  from t h e  c e n t e r  of  t h e  s p h e r e  i s  r e l a t ed  t o  t h e  

T h i s  i s  caused  by t h e  f i n i t e n e s s  of t h e  propaga-  

123 echo t ime d e l a y  t by  t h e  r e l a t i o n  - 

(11.19) 

where R i s  t h e  r a d i u s  of t h e  p l a n e t .  



a 
The greatest  d e l a y  t y  = 2R/c will o c c u r  , ,  ,*, 

I ,  ,I; 

for a n  echo from p o i n t s  on t h e  p l a n e t ' s  
l i m b  ( 8  = 90"). 

By t i m e  g a t i n g ,  one can  s e p a r a t e  o u t  
r e f l e c t i o n  from v a r i o u s  r e g i o n s  of  t h e  
p l a n e t  and t h u s  s t u d y  t h e s e  r e g i o n s  i n d i -  
v i d u a l l y .  The r e s o l u t i o n  of such  g a t i n g  i s  

/ 

/* 

b 

F i g .  3 .  Geometry 
of t h e  r e f l e c t i o n  
of a p u l s e  s i g n a l  
from t h e  p l a n e t .  

Key: a .  S u b r a d a r  
p o i n t ;  b .  To ob- 
s e r v e r  

F i g .  4 .  Schematic  
r e p r e s e n t a t i o n  o f  
t h e  s t r e t c h i n g  of  
t h e  echo i n  t ime 
as i t  r e f l e c t s  
from t h e  p l a n e t .  

Key: a .  Subradar  
p o i n t ;  Is. To ob- 
s e r v e r ;  c .  T i m e  

l i m i t e d -  by t h e  f i n i t e n e s s  of t h e  d u r a t i o n  of 
t h e  impulse  T of  t h e  r a t i o  t r a n s m i t t e r .  It 
i s  obvious  tha t  t h e  energy  of t h e  echo 
r e c e i v e d  i n  t h e  t ime i n t e r v a l  d t  = T ( F i g .  
4 )  c o r r e s p o n d s  t o  an echo from a r i n g  ( c f .  
F i g .  3 )  of a n g u l a r  w i d t h  d e ,  which i s  d e t e r -  
mined by t h e  r e l a t i o n  

On t h e  b a s i s  of t h i s  r e l a t i o n  one c a n ,  by 
using the measured time spectrum P ( t ) ,  
c o n s t r u c t  an  a n g u l a r  spectrum P ( 0 )  o f  t h e  
r e f l e c t i o n  from t h e  r i n g s  i r r a d i a t e d  by a n  

r i n g s  i s  
impulse  of d u r a t i o n  T. The area o f  t h e s e  - 1 2 4  

(11.21) 

i . e . ,  i t  does  n o t  depend on t h e  p o s i t i o n  of 
the  r i n g  on t h e  s p h e r e .  T h e r e f o r e ,  t h e  
a n g u l a r  spec t rum P ( 0 )  c h a r a c t e r i z e s  t h e  
r e f l e c t i o n  n o t  o n l y  o f  r i n g s  o f  i d e n t i c a l  
d e p t h ,  b u t  a l s o  t h e  r e f l e c t i o n  of a s i n g l e  
e lement  o f  t h e  s u r f a c e ,  i . e . ,  i t  i s  ( a f t e r  
n o r m a l i z a t i o n )  t h e  s o u g h t - f o r  r e f l e c t i o n  
f u n c t i o n  F ( 8 ) .  

I n  a d d i t i o n  t o  a l e n g t h e n i n g  i n  t i m e ,  
t h e  echo  d i f f e r s  from t h e  e m i s s i o n  a l s o  i n  
terms of f r e q u e n c y  spectrum. The first 
d i f f e r e n c e  i s  caused  by  a Doppler s h i f t  o f  
t h e  mean f requency  due t o  t h e  p l a n e t ' s  d i r e c t  
mot ion  w i t h  a v e l o c i t y  v r e l a t i v e  t o  an ob- 
s e r v e r  and i s  e q u a l  t o  

(11.22) 
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where vo i s  t h e  echo f r e q u e n c y .  The 
second d i f f e r e n c e  i s  caused  by t h e  
Doppler s p r e a d  a r i s i n g  from t h e  p l a n e t ' s  
r o t a t i o n .  

F i g .  5 .  Geometry of 
f requency  Doppler 
s h i f t  upon r e f l e c -  
t i o n  from a s p i n n i n g  
p l a n e t .  1 i s  t h e  
c e n t e r  l i n e  o f  l o c i  
o f  i d e n t i c a l  Doppler 
s h i f t .  

Key: a .  To o b s e r v e r ;  
b .  S u b r a d a r  p o i n t  

Fig. 6 .  Schematic 
r e p r e s e n t a t i o n  o f  t h e  
Doppler  s p r e a d  of  t h e  
spec t rum upon r e f l e c -  
t i o n  from a s p i n n i n g  
p l a n e t .  

Key :  a .  S u b r a d a r  
p o i n t ;  b .  Frequency 

It i s  p o s s i b l e  t o  show' t h a t  on t h e  
s u r f a c e  o f  a s p h e r e  t h e  geometr ic  l o c i  
of p o i n t s  w i t h  an i d e n t i c a l  l i n e a r  
v e l o c i t y  a l o n g  t h e  l i n e  of  s i g h t  toward 
t h e  o b s e r v e r  a n d ,  c o n s e q u e n t l y ,  w i t h  an 
i d e n t i c a l  Doppler s h i f t ,  a r e  circum- 
f e r e n c e s  whose c e n t e r s  are on a s t r a i g h t  
l i n e  t h a t  p a s s e s  t h r o u g h  t h e  c e n t e r  o f  
t h e  s p h e r e  p e r p e n d i c u l a r  t o  t h e  p l a n e  
formed by t h e  d i r e c t i o n  toward t h e .  ob- 
s e r v e r  and t h e  p l a n e t ' s  r o t a t i o n  a x i s  
( F i g .  5 ) .  F o r  t h e  o b s e r v e r ,  t h e s e  c i r -  
cumferences are  segments o f  s t r a i g h t  
l i n e s  p a r a l l e l  t o  t h e  p r o j e c t i o n  of t h e  
s p i n  axis o n t o  a map s u r f a c e  ( F i g .  6 ) .  

With t h e  a p p a r e n t  a n g u l a r  v e l o c i t y  
o f  t h e  p l a n e t ' s  r o t a t i o n  r e l a t i v e  t o  a 
p r o j e c t i o n  of t h e  r o t a t i o n  a x i s  o n t o  a 
map s u r f a c e  R ,  e a c h  such  segment a t  a 
d i s t a n c e  x from t h e  p r o j e c t i o n  o f  t h e  
p l a n e t ' s  s p i n  a x i s  has a n  a d d i t i o n a l  
l i n e a r  v e l o c i t y  a l o n g  t h e  l i n e  of  s i g h t  
e q u a l  t o  2xR and an  a d d i t i o n a l  Doppler  
s h i f t  i n  f requency  

The full Doppler s p r e a d  of t h e  echo 
spec t rum from t h e  e n t i r e  p l a n e t  i s  

where R i s  t h e  p l a n e t ' s  r a d i u s .  

(11.24) 

The c o n n e c t i o n  between t h e  r e f l e c t 5 o n  
~ f u n c t i o n  and t h e  echo f r e q u e n c y  spectrum 

P ( v )  i s  de termined  by t h e  r e l a t i o n  

' C f . ,  f o r  example, E . R .  M u s t e l ' ,  Zvezdnyye a t m o s f e r y  [ S t e l l a r  
Atmospheres],  "Fizmatgiz"  Press ,  1960 ,  pp.  339-340. 
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The i n v e r s e  t r a n s f o r m a t i o n  can be done u s i n g  A b e l ' s  i n t e g r a l  
e q u a t i o n ,  which g i v e s  

T h e  full echo power i s  

(11.26) 

This  e n t i r e  examina t ion  has been done assuming t h a t  the  
p l a n e t ' s  a tmosphere  i s  t r a n s p a r e n t  and t h e r e f o r e  h o l d s  o n l y  f o r  t h e  
r a d i o  wave f r e q u e n c y  ( f o r  Venus X & 2 0  cm) f o r  which t h i s  assump- 
t i o n  o c c u r s .  I n  t r e a t i n g  and i n t e r p r e t i n g  measurement r e s u l t s  on 
t h e  s h o r t e r  waves, i t  i s  n e c e s s a r y  t o  t a k e  a b s o r p t i o n  by t h e  a t -  
mosphere i n t o  accoun t .  Absorption d e c r e a s e s  the v a l u e  o f  t h e  echo 
e-ZT t l raes ,where  . r ( X , e )  i s  t h e  o p t i c a l  t h i c k n e s s  of  t h e  p l a n e t ' s  
a tmosphere  a t  wavelength  X and a t  a p o i n t  whose p l a n e t o c e n t r i c  
a n g l e  r e l a t i v e  t o  t he  s u b r a d a r  p o i n t  i s  e q u a l  t o  8 .  A t  8 < 8 5 O ,  
t h e  dependence on 8 can  be p r e s e n t e d  i n  t h e  fo rm - 

Taking a b s o r p t i  i n t o  a c c o u n t ,  t h e  measured radar c r o s s  s e c -  
t i o n  i s  (Ty = orOe-2r?f),,where U,O i s  t h e  radar c ros s  s e c t i o n  o f  a 
p l a n e t  w i t h  no a tmosphere .  

c i e n t  by t h e  well-known r e l a t i o n  
The o p t i c a l  t h i c k n e s s  i s  connec ted  w i t h  the a b s o r p t i o n  c o e f f i -  

16 
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a 

a 

I n  t h e  a tmosphere  o f  Venus, t h e  a b s o r p t i o n  o f  r a d i o  waves i s  
de termined  p r i m a r i l y  by a b s o r p t i o n  by carbon d i o x i d e  and p a r t l y  by 
water vapor :  

Absorp t ion  by carbon d i o x i d e  can  b e  de te rmined  from t h e  semi- 
e m p i r i c a l  f o r m u l a  of  H o ,  Kaufman, and Thaddeus C3461 

(11.301 

where f C O 2  and f N 2  are t h e  r e l a t i v e  carbon d i o x i d e  and n i t r o g e n  
c o n t e n t  i n  t h e  atmosphere ( b y  volume, p r e s s u r e  o r  number ofmolecules), 
p ( h )  i s  full p r e s s u r e  ( i n  kgecm-2) i n  t h e  atmospher.e a t  a l t i t u d e  h 
above t h e  s u r f a c e ,  and T ( h )  i s  t h e  t e m p e r a t u r e  of t h e  atmosphere 
a t  a l t i t u d e  h .  

/27 

Absorpt ion  by water vapor  can be de termined  from t h e  quanto-  
m e c h a n i c a l  formula [ 25 ]  

is t h e  h a l f - w i d t h  o f  t h e  water vapor  l i n e  5 - 1  - 6-5 and p i s  t h e  
a b s o l u t e  humidi ty  i n  g/m3. 

The combina t ion  o f  t i m e  g a t i n g ,  which a l l o w s  u s  t o  d i f f e r e n -  
t i a t e  an  echo from a s p e c i f i c  r i n g  on t h e  a p p a r e n t  d i s k  of t he  
p l a n e t  (cf. Fig. 3 ) ,  and f requency  g a t i n g ,  which a l l o w s  u s  t o  
d i f f e r e n t i a t e  a n  echo from a band a t  a f i n i t e  d i s t a n c e  from t h e  
p l a n e t ' s  s p i n  a x i s  ( c f .  F i g .  5), makes i t  p o s s i b l e  t o  r e s o l v e  rela- 
t i v e l y  small r e g i o n s ,  which cor respond t o  an i n t e r s e c t i o n  of these 
r i n g s  and bands, on t h e  p l a n e t a r y  d i s k  (Fig. 7 ) .  Thus i t  i s  pos-  
s i b l e  t o  s t u d y  r e f l e c t i v i t y  d i s t r i b u t i o n  on t h e  p l a n e t a r y  d i s k  by 
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F i g .  7 .  Schemat ic  
r e p r e s e n t a t i o n  of 
t h e  i n c r e a s e  i n  
r e s o l u t i o n  due t o  
t i m e  and f r equency  

i s  t h e  subradar  
p o i n t ;  2 i s  t h e  
r i n g  r e s o l v e d  by 
t i m e  g a t i n g ;  
3 i s  t h e  band re-  
so lved  b y  f requency  
g a t i n g ;  4 a r e  
the r e g i o n s  r e -  
s o l v e d  by t ime  and 
f requency  g a t i n g .  

ga t i f ig .  1 1 

t h e  edges o f  t h e  d i s k  
t h e  f u l l  w i d t h  of  t h e  

u s i n g  ground a n t e n n a s  whose beam w i d t h  i s  
t o o  l a r g e  t o  make such  measurements be- 
c a u s e  of  a n g u l a r  r e s o l u t i o n .  The 
l i m i t a t i o n  o f  t h i s  method of i n c r e a s i n g  
a n g u l a r  r e s o l u t i o n  i s  i t s  ambigu i ty .  
The i n t e r s e c t i o n  of a r i n g  and a band 
forms two r e g i o n s  ( F i g .  7 )  which a re  i m -  
p o s s i b l e  t o  s e p a r a t e  w i t h o u t  a d d i t i o n a l  
g a t i n g .  Such g a t i n g  can b e  implemented 
e i t h e r  by changing t h e  o r i e n t a t i o n  of  t h e  
r e g i o n s  of ambigu i ty  as the  p l a n e t  
r o t a t e s ,  which r e q u i r e s  ex tended  measure-  
ments ,  o r  by u s i n g  an i n t e r f e r o m e t e r  
system a t  r e c e p t i o n  o r  a t  t r a n s m i s s i o n .  

The a n g u l a r  v e l o c i t y  of  t h e  p l a n e t ' s  128 - 
a p p a r e n t  r o t a t i o n  r e l a t i v e  t o  t h e  p r o j e c -  
t i o n  o f  t h e  s p i n  a x i s  on a map s u r f a c e  52 
can  be de t e rmined  from r e l a t i o n  ( 1 1 . 2 4 )  
by  measur ing  t h e  s p e c t r a l  s p r e a d i n g  of 
echo  B .  

However, i f  t h e  r e f l e c t i n g  s u r f a c e  
i s  smooth enough ( i . e . ,  t h e  p a r a m e t e r  of 
roughness  i s  small a t  t h e  wave leng th  a t  
which t h e  s t u d y  i s  b e i n g  done), t h e  main 
pa r t  of t h e  echo r e f l e c t s  froma r e l a t i v e l y  
small ( e q u a l  t o  t h e  f i r s t  F r e s n e l  zone )  
c e n t r a l  p a r t  of  t h e  p l a n e t ;  r e f l e c t i o n  o f f  

i s  q u i t e  small. T h e r e f o r e ,  measurements  of 
echo spec t rum r e q u i r e  t h e  echo t o  exceed  t h e  

n o i s e  l e v e l  s i g n i f i c a n t l y ;  this has s t i l l  n o t  been a c h i e v e d  i n  
present-day measurements. This d i f f i c u l t y  may be overcome by 
c o r r e l a t i n g  s p e c t r a l  measurements w i t h  measurements o f  echo r a n g e  
d i s t r i b u t i o n .  A s i n g l e  measurement ,  no m a t t e r  how a c c u r a t e ,  a l l o w s  
u s  t o  de te rmine  on ly  t h e  a p p a r e n t  v e l o c i t y  of t h e  p l a n e t ' s  r o t a t i o n  
as s e e n  by an o b s e r v e r  on E a r t h ,  b u t  it does  riot answer t h e  ques- 
t i o n  about  t h e  d i r e c t i o n  o f  r o t a t i o n  o r  t h e  o r i e n t a t i o n  o f  t h e  s p i n  
a x i s .  These p a r a m e t e r s  can  b e  de te rmined  from t h e  way t h e  a p p a r e n t  
v e l o c i t y  of t h e  p l a n e t ' s  r o t a t i o n  changes  o v e r  t i m e  o n l y  from ex-  
t e n d e d  radar measurements .  The p l a n e t ' s  a p p a r e n t  r o t a t i o n  f o r  an 
o b s e r v e r  on E a r t h  r e s u l t s  from i t s  t r u e  r o t a t i o n  and a l s o  t h e  Earth 's  
mot ion  r e l a t i v e  t o  t h e  p l a n e t .  An a n a l y s i s  o f  t h e  way t h e  a p p a r e n t  
v e l o c i t y  of  r o t a t i o n  changes  makes i t  p o s s i b l e  a l s o  t o  d e t e r m i n e  
t h e  o r i e n t a t i o n  of t h e  a x i s  and ,  c o n s e q u e n t l y ,  t h e  p l a n e t ' s  p o l e s  
of  r o t a t i o n .  

If t h e r e  are  r e g i o n s  on t h e  p l a n e t a r y  surface t h a t  have a 
r e f l e c t i v i t y  d i f f e r e n t  from t h e  a v e r a g e ,  i t  i s  p o s s i b l e  indepen-  
d e n t l y  t o  d e t e r m i n e  t h e  p e r i o d ,  t h e  d i r e c t i o n  of  r o t a t i o n ,  and t h e  
o r i e n t a t i o n  of t he  a x i s  -- by measur ing  t h e  movement of  these  

s 
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r e g i o n s  abou t  t h e  p l a n e t ' s  a p p a r e n t  d i s k .  F o r  t h i s ,  t h e  above- 
ment ioned  t ime  and f r equency  g a t i n g  i s  used .  

F i n a l l y ,  by measur ing  t h e  t ime  d e l a y  i n  the  a r r i v a l  of t h e  
l e a d i n g  edge o f  t he  echo ,  one can de te rmine  t h e  r a d i u s  of  t h e  
p l a n e t  a t  t h e  subrada r  p o i n t ,  and th rough  ex tended  o b s e r v a t i o n s ,  
t h e  f i g u r e  and r e l i e f  of t h e  s u b r a d a r  r e g i o n  o f  t h e  p l a n e t .  

11.3.  Radar D e t e r m i n a t i o n  of t h e  Elements  o f  R o t a t i o n  

d u r i n g  2 d a y s  i n  Februa ry  1958 by P r i c e  e t  a l .  [465]. The measure- 
ments  were made a t  a wavelength  of  68 cm from t h e  26-m an tenna  of 
t h e  M a s s a c h u s e t t s  I n s t i t u t e  o f  Technology ' s  L i n c o l n  Labora tory  
( U S A ) .  Because of t h e  low s i g n a l - t o - n o i s e  r a t i o ,  an  echo was 
d i s c o v e r e d  on ly  by s t a t i s t i c a l  p r o c e s s i n g .  Of f o u r  s e r i e s  of ob- 
s e r v a t i o n s  s u b j e c t e d  t o  t h i s  p r o c e s s i n g ,  an echo was e v i d e n t l y  
r e v e a l e d  i n  o n l y  two. Later measurements made i n  t h e  same l a b o r a -  
t o r y  [ 4 4 8 ]  showed t h a t  the a s t r o n o m i c a l  u n i t  had been de te rmined  
i n c o r r e c t l y .  I n  t h i s  connec t ion ,  P e t t e n g i l l  L-4491, who was one o f  
t h e  a u t h o r s  o f  t h e  e a r l i e r  work C4651, s u g g e s t s  t h a t  t h e  echo re- 
c e i v e d  i n  1958 was n o t  f rom Venus and  was caused  by some k ind  of  
p a r a s i t i c  e f f e c t .  It i s  t h e r e f o r e  i m p o s s i b l e  t o  c o n s i d e r  t h e  value 
o f  the  radar c r o s s  s e c t i o n  f o r  Venus r e l i a b l e ;  t h i s  value, a c c o r d i n g  
t o  data from t h i s  expe r imen t ,  was e q u a l  t o  t h e  geomet r i c  a r e a  o f  
t h e  p l a n e t ' s  c r o s s  s e c t i o n ,  i . e . ,  a b o u t  seven  times l a r g e r  t h a n  
t h a t  o b t a i n e d  i n  subsequen t  Imeasurements. 

The f irst  at tempt  t o  obse rve  r a d i o  echoes  from Venus was made 

P e t t e n g i l l  and P r i c e ' s  a t t e m p t  [446] t o  make radar measure- ' 

ments  of Venus n e a r  t h e  n e x t  i n f e r i o r  c o n j u n c t i o n  of Venus i n  1 9 5 9  
a l s o  t u r n e d  o u t  t o  be u n s u c c e s s f u l ;  no echo was d i s c o v e r e d .  

Evans and T a y l o r  C2931 a lso  t r i e d  t o  make r a d a r  measurements 
o f  Venus i n  1959 a t  J o d r e l l  Bank i n  England.  They r e p o r t e d  tha t  
t h e y  had found  an echo t h a t  exceeded noise by 2 . 5  t i m e s  and that 
cor re sponded  t o  a radar c r o s s  s e c t i o n  of 0 . 5 %  and a v a l u e  f o r  t h e  
a s t r o n o m i c a l  u n i t  t h a t  a g r e e d  w i t h  what Price e t  a l .  [4653 had ob- 
t a i n e d  and tha t  had t u r n e d  o u t  t o  b e  i n  e r r o r .  
it i s  p r o b a b l e  t h a t  t h e s e  measurements were a l s o  i n  error. 

- /30 

I n  t h i s  c o n n e c t i o n ,  

The f i r s t  s u c c e s s f u l  radar  measurements of  Venus were made 
n e a r  i n f e r i o r  c o n j u n c t i o n  i n  1 9 6 1  by:  i n  t h e  U S S R ,  a team under  
the  d i r e c t i o n  o f  Academician V.A.  K o t e l ' n i k o v  [73,  74, 3861 a t  t h e  
USSR Academy of  S c i e n c e s '  I n s t i t u t e  of E l e c t r o n i c s  and Radio En- 
g i n e e r i n g ;  i n  the U S A ,  by  P e t t e n g i l l  e t  a l .  C4471 a t  t he  Massa- 
c h u s e t t s  I n s t i t u t e  o f  Technology ' s  L i n c o l n  L a b o r a t o r y ;  a t  t h e  
Je t  P r o p u l s i o n  L a b o r a t o r y  of  the  C a l i f o r n i a  I n s t i t u t e  of  Technology 
L409, 535, 5361; and i n  England a t  t h e  J o d r e l l  Bank Radio Astronomy 
Obse rva to ry  15241. 



I 

These and subsequent experiments measured the frequency and 
time spectra of the echoes, the Doppler shift in frequency, echo 
intensity andlgdepolarization, and echo propagation time. 

The elements of the planet's rotation were determined on the 
basis of measurements (several methods were used) of the angular 
velocity of its rotation. 

The basis of the first method is measurement of the spectral 
width B of the echo whi,le irradiating the planet with a monochro- 
matic signal of frequency u o .  
from the relation (11.24). 

The angular velocity R is determined 

The first,measurements of the echo frequency spectrum of Venus 
were made in 1961 -- in the U S S R ,  in the Institute of Electronics 
and Radio Engineering of the USSR Academy of Sciences by V.A.  
Kotel'nikov et al; and in the USA, in the California Institute of 
Technology's Jet Propulsion Laboratory and in the Massachusetts 
Institute of Technology's Lincoln Laboratory. 

According to measurements made by the I R E  [Institute of' E l e c -  
tronics and Radio Engineering] of the U S S R  Academy of Sciences on 
a frequency of 700 MHz (wavelength 43 cm), the echo spectrum con- 
tains two components: narrow-band and wide-band. 

The width of the narrow-band component was less than 4 Hz, 
and its intensity hardly changed throughout the observations. The 
wide-band component occupied frequency bands up to 400 Hz and 
changed greatly from day to day, The echo energy of the wide-band /31 
component was commensurable with the narrow-band component. 

- 

By assuming that the narrow-band component was produced by 
reflectfon off the s u r f a c e  of .Venus  and t h a t  t h e  s i z e  of t h e  r e -  
flecting spot was, by analogy with the Moon, equal to 1/10 the 
visible disk of the planet, the rotation period of Venus was deter- 
mined to be longer than 100 days. 

Measurements of the frequency spectrum in the Jet Propulsion 
Laboratory and in the Lincoln Laboratory were made with a higher 
resolution and also showed that the echo spectrum of Venus was quite 
narrow and corresponded to a rotation period of from 200 to 400 days. 
The wide-band component of the echo was not discovered in these 
measurements. 

More complete and accurate data were obtained from measure- 
ments made near the inferior conjunction of Venus in 1964. 

The r e s u l t s  of measurements made i n  the  Institute of  Elec- 
tronics an3 Radio Engineering of the USSR Academy of Sciences E761 
correspond to a retrograde rotation of Venus w i t h  a period of 
230 2 25 days. 

Ir 
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Measurement a t  C o r n e l l  U n i v e r s i t y ' s  Arec ibo  I o n o s p h e r i c  Ob- 
' s e r v a t o r y  p u t  t h e  Venusian r o t a t i o n  p e r i o d  a t  T = 2 4 4 . 3  + 2 d a y s ,  

t h e  d i r e c t i o n  o f  r o t a t i o n  a s  r e t r o g r a d e ,  and t h e  c o o r d i n a t e s  of 
t h e  n o r t h  p o l e '  a t  a = 270.9 ? 1 and 6 = 6 6 . 4  f 1 C2871. 

which p a r t i c u l a r  r e g i o n s  of h igh  r e f l e c t i v i t y  move about  t h e  
p l a n e t a r y  d i s k .  

The second method i s  based on measur ing  t h e  v e l o c i t y  w i t h  

I f  t he re  a re  any f o r m a t i o n s  on t h e  p l a n e t a r y  s u r f a c e  whose 
r e f l e c t i o n  c h a r a c t e r i s t i c s  i n  t h e  r a d i o  wave r a n g e  are d i f f e r e n t  
f rom the  a v e r a g e ,  t h e  h i g h  r e s o l u t i o n  a t t a i n e d  i n  radar measure- 
ments of  Venus by time and f requency  g a t i n g  makes it p o s s i b l e  t o  
measure t h e  Venusian r o t a t i o n  by t h e  common g e o m e t r i c  method of  
o b s e r v i n g  these  f o r m a t i o n s  as t h e y  move a b o u t  t h e  v i s i b l e  d i s k  of  
t h e  p l a n e t .  The f i rs t  measurements of t h i s  k ind  were made b y  
G o l d s t e i n  and C a r p e n t e r  i n  1962  C3171. 

On t h e  echo spectrum t h e y  n o t e d  a d e t a i l  w i t h  high r e f l e c t i v -  /32 - 
i t y ;  moreover ,  t h e  l o c a t i o n  of t h i s  d e t a i l  sh i f t ed  s y s t e m a t i c a l l y  
from day t o  day .  F i g .  8 shows t h e  s h i f t  o f  t h i s  d e t a i l  i n  t h e  
spec t rum r e l a t i v e  t o  z e r o  f requency ,  which c o r r e s p o n d s  t o  Venus' 
c e n t r a l  meridian.  The o b s e r v a t i o n  da tes  are entered m the graph along tk 
ordina l  axis. The black r e c t a n g l e s  s i g n i f y  gocd i d e n t i f i c a t i o n  of detail; the 
l igh t  r e c t a n g l e s  s i g n i f y  doubtful  i d e n t i f i c a t i o n .  ?he wid th  of the r e c t a n g l e s  
e h a r a c t e r i z e s  t h e  s p e c t r a l  w i d t h  of t h e  echo o f  t h e  d e t a i l .  

The r e l a t i v e  cons tancy  of d e t a i l  i s  e v i d e n c e  tha t  it i s  
a c t u a l l y  caused  by some r e a l  f o r m a t i o n  on t h e  s u r f a c e  of Venus 
and t h a t  i t s  motion i s  t h e  r e s u l t  of t h e  r o t a t i o n  o f  Venus. 

The c o n n e c t i o n  between t h e  a p p a r e n t  a n g u l a r  v e l o c i t y  of  t h e  
p l a n e t ' s  r o t a t i o n  R and t h e  s h i f t  v e l o c i t y  o f  d e t a i l s  i n  t h e  fre- 
quency spectrum of t h e  echo < i s  e x p r e s s e d  by t h e  r e l a t i o n  

where h i s  t h e  wavelength  used f o r  t h e  measurement,  6 and IJ are  
tne  p l a n e t o c e n t r i c  l a t i t u d e  and l o n g i t u d e  of  t h e  observed  f o r m a t i o n .  

The l o n g i t u d e  of  t h e  f o r m a t i o n  c a n  be estimated by comparing 
t h e  s h i f t  of the d e t a i l  t o  the f u l l  w id th  of t h e  spec t rum.  Such 
an  estimate, made from t h e  best  s p e c t r a  n e a r  i n f e r i o r  c o n j u n c t i o n  
011 t h e  assumpt ion  t h a t  t he  maximum wid th  of  t h e  spec t rum c o r r e s -  
pcnds t o  r e f l e c t i o n  from t he  p l a n e t a r y  l i m b ,  leads t o  an  a p p a r e n t  

~~ _ _  

According t o  t he  recommendation of  t h e  I n t e r n a t i o n a l  As t ronomica l  
Union, t he  n o r t h  p o l e  is c o n s i d e r e d  the  p o l e  t o  t h e  n o r t h  o f  t h e  
e c l i p t i c  (more p r e c i s e l y ,  n o r t h  of t h e  f i x e d  Laplace  p l a n e ) .  
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F i g .  8 .  F re -  
quency d i s p l a c e -  
ment of a h igh-  
r e f l e c t i v i t y  
d e t a i l  relative 
t o  t h e  c e n t r a l  
f r e q u e n c y  de- 
pend ing  on t h e  
date .  

Key: a .  Dates; 
b .  Octobe r ;  
c .  November 

v e l o c i t y  of Venus' r o t a t i o n  (2.0 -o  41 * r a d i a n *  
Ssec- l .  
d i c u l a r  t o  t h e  p l a n e t ' s  o r b i t a l  p l a n e ,  the  
d a t a  o b t a i n e d  co r re spond  t o  a d i r e c t  r o t a t i o n  
w i t h  a p e r i o d  o f  1 2 0 0  days  o r  a r e t r o g r a d e  
r o t a t i o n  w i t h  a p e r i o d  of 230 + 4 0  -50 days .  T h i s  
agrees w i t h  t h e  results of s p e c t r a l  s p r e a d i n g  
Keasurments .  

Assuming t ha t  t h e  s p i n  ax18 i s  perpen- /33 

The most a c c u r a t e  data  abou t  t h e  e l e m e n t s  
of Venus' r o t a t i o n  are  o b t a i n e d  by d e t e r m i n i n g  
t h e  time the  i n d i c a t e d  d e t a i l s  o f  the  spec t rum 
appear d u r i n g  s e v e r a l  i n f e r i o r  c o n j u n c t i o n s .  
Thus ,  a c c o r d i n g  t o  o b s e r v a t i o n s  of  t h ree  de-  
t a i l s  of  i n t e n s e  r e f l e c t i v i t y  (made a t  Arecibo  
Obse rva to ry  n e a r  t h e  i n f e r i o r  c o n j u n c t i o n s  of 
1 9 6 4 ,  1967 ,  and 1969 [3691) ,  t h e  r o t a t i o n  
p e r i o d  of t h e  p l a n e t  i s  243 f 0 . 1  E a r t h  d a y s ,  
and t h e  c o o r d i n a t e s  o f  t h e  p o l e  of t h e  s p i n  
a x i s  a = 2 7 2 . 7  -+ O.?O, 6 = 65.3O ? l . O o .  

C a r p e n t e r ' s  o b s e r v a t i o n s  C2341 a t  t h e  
J e t  P r o p u l s i o n  Labora to ry  d u r i n g  f o u r  i n f e r i o r  
c o n j u n c t i o n s  (1962, 1964,  1966,  and 1967) gave 
a r o t a t i o n  p e r i o d  T = 2 4 2 . 9 8  k 0 . 0 4  days  and 
c o o r d i n a t e s  of t h e  n o r t h  p o l e  a = 2 7 4 . 1 O  -+ 3 O ,  
6 = 7 1 . 4 O  -+ lo (1950.0). 

The n e x t  independent  estimate o f  Venus'  
r o t a t i o n  p e r i o d  was made on t h e  basis of radar 
measurements  of  echo f a d i n g  and a m p l i f i c a t i o n  
a t  a wave leng th  of 6 m C3803. According  t o  t h e  

c h a r a c t e r i s t i c  time o f  these  fadings, t h e  r o t a t i o n  p e r i o d  07 Venus 
i s  est imated t o  b e  e q u a l  t o  180-280 E a r t h  days .  

t o  o r  ve ry  c l o s e  t o  t h e , p l a n e t ' s  synchronous r o t a t i o n  r e l a t i v e  t o  
E a r t h  (243 .16  E a r t h  d a y s ) .  A t  e v e r y  i n f e r i o r  and s u p e r i o r  con- 
j u n c t i o n ,  Venus i s  always t u r n e d  w i t h  t h e  same s i d e  toward Ea r th .  

These r e s u l t s  show t h a t  t h e  r o t a t i o n  p e r i o d  o f  Venus i s  equal 

With  r e t r o g r a d e  r o t a t i o n ,  t h i s  co r re sponds  t o  a s o l a r  day 
d u r a t i o n  on Venus of 117  Ear th  d a y s ,  i . e . ,  t h e  Venusian y e a r  con- 
s i s t s  approx ima te ly  o f  two Venuslan s o l a r  days.  

The synchronous  r o t a t i o n  of Venus r e l a t i v e  t o  E a r t h  i s  ap- 
p a r e n t l y  caused  by t h e  a c t i o n  o f  t h e  E a r t h ' s  g r a v i t a t i o n  on t h e  
a symmet r i ca l  f i g u r e  of Venus.  F o r  t h i s  c o n d i t i o n  t o  remain  s t a b l e ,  
i t  i s  n e c e s s a r y  t ha t  t h e  s t a b i l i z i n g  moment o f  Ea r th  - /3 4 

P 
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(11.33) 

( y  i s  t h e  g r a v i t a t i o n a l  c o n s t a n t  Me and M 
and Venus, AU i s  t h e  a s t r o n o m i c a l  u n i t ,  k ( q )  i s  t h e  f u n c t i o n  c a l -  
c u l a t e d  and t a b u l a t e d  i n  [316]) be l a r g e r  t h a n  t h e  t i d a l  moment 
of Venus i n  t h e  g r a v i t a t i o n a l  f i e l d  o f  t h e  Sun 

a r e  the masses  o f  E a r t h  P 

( k  i s  the t i d a l  Love numbers 
p l a n e t ,  a i s  t h e  d i s t a n c e  from t h e  Sun, whose e f f e c t  i s  t o  b r a k e  
t h e  r o t a t i o n  o f  the  p l a n e t ) .  
t h a t  has been r e v e a l e d  ( c f .  Chapter  1) i s  e v i d e n t l y  s u f f i c i e n t  t o  
a s s u r e  a d i f f e r e n c e  i n  t h e  moments of i n e r t i a  ( B  - A )  r e l a t i v e  t o  
t h e  e q u a t o r i a l  axes t ha t  i s  n e c e s s a r y  t o  f u l f i l l  t h e  c o n d i t i o n  
Te > Tg.  Another f a c t o r  c o n t r i b u t i n g  t o  t h e  s y n c h r o n i z a t i o n  of  
Venus ' s  r o t a t i o n  t o  t h e  E a r t h  (Gold and Soter have p o i n t e d  t h i s  
o u t  [315] i s  t h e  d i u r n a l  p r e s s u r e  variation i n  t he  Venusian a t -  
mosphere due t o  h e a t i n g  by t h e  Sun. The minimum a t m o s p h e r i c  pres -  
s u r e  and mass o c c u r  i n  t h e  a f t e r n o o n  part  of t h e  a tmosphere ,  and 
t h e  maximum p r e s s u r e  and mass i n  t h e  morning p a r t  of  t h e  atmosphere.  
T h i s  d i s t r i b u t i o n  o f  t h e  a t m o s p h e r i c  mass c r e a t e s  i n  t h e  g r a v i t a -  
t i o n a l  f i e l d  t h e  moment T'G, which i s  o p p o s i t e  i n  s i g n  t o  t h e  
moment Tg, i . e . ,  it a c c e l e r a t e s  t h e  p l a n e t ' s  r o t a t i o n ,  T h i s  de- 
creases t h e  e f f e c t  of t h e  S u n ' s  t i d a l  moment and makes t h e  synchro-  
n i z a t i o n  of t h e  Venusian r o t a t i o n  t o  t h e  E a r t h  eas ie r .  Taking t h e  
a t m o s p h e r i c  moment i n t o  a c c o u n t ,  a c o n d i t i o n  f o r  t h e  s y n c h r o n i z a -  
t i o n  of Venus' r o t a t i o n  t o  t h e  Ea r th  i s  Te > Tg - T ' Q .  The moment 
T ' Q ,  which i s  created by t h e  planetary atmosphere,  is p r o p o r t i o n a l  
t o  t h e  r o t a t i o n  p e r i o d  P 

de te rmined  by t h e  r i g i d i t y  of t h e  

The asymmetry of  t h e  Venusian f i g u r e  

T'a = FP,  (11.351 

where F i s  a c o n s t a n t  f o r  a given p l a n e t .  
and  S o t e r  t h i n k  that  the  e v o l u t i o n  o f  t h e  Venusian r o t a t i o n  p e r i o d  
could have occurred as inthe fol lowing models. A s  i t  formed,  Venus had 
a r e t r o g r a d e  r o t a t i o n  t h a t  was f a s t e r  t h a n  a t  p r e s e n t .  Because of 
t h i s  r a p i d  r o t a t i o n ,  t h e  i n f l u e n c e  of t h e  atmosphere was incon-  
s iderable ,  the b r a k i n g  moment o f  t h e  Sun was g r e a t e r  t h a n  t h e  
s y n c h r o n i z i n g  moment of t h e  E a r t h  

In t h i s  c o n n e c t i o n ,  Gold 

- /35 
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and t h e  p l a n e t ' s  r o t a t i o n  slowed. 
i n c r e a s e d ,  so  t h a t  a t  a c e r t a i n  P ,  which was a 
m u l t i p l e  of t h e  s y n o d i c  p e r i o d ,  t h e  c o n d i t i o n  

The a tmospher ic  moment T T O  = ~p 

ORIGINAL PAGE IS 
OF POOR QUALITY T ~ B  > Tg - FP 

o b t a i n e d ,  and t h e  r o t a t i o n  of Venus became s y n c h r o n i z e d  t o  t h e  
E a r t h .  

The d i r e c t i o n  of t h e  Venusian s p i n  a x i s  i s  c l o s e  t o  t h e  p o l e  
o f  i t s  o r b i t  ( a  = 2 7 6 O ,  d = 6 6 O ) :  t h e  d e v i a t i o n  of  t h e  p o l e  of 
t h e  p l a n e t  from t h e  p o l e  of  t h e  o r b i t  does  n o t  exceed 6". There- 
f o r e ,  s e a s o n a l  v a r i a t i o n s  s imilar  t o  t h e  s e a s o n s  of  t h e  yea r  on 
E a r t h  s h o u l d  n o t  be  s t r o n g l y  marked on Venus. 

The I n t e r n a t i o n a l  As t ronomica l  Union confirmed i n  1 9 7 0  t h e  
recommendation t o  a c c e p t  t h e  s i d e r e a l  p e r i o d  of r o t a t i o n  as  e q u a l  
t o  2 4 3 . 0  days  and t h e  o r i e n t a t i o n  o f  t h e  n o r t h  p o l e  as a = 273.0" 
and 6 = + 6 6 . 0  (1950.0). 

I n  p r i n c i p l e ,  by ana logy  w i t h  E a r t h ,  one can  e x p e c t  changes  i n  
t h e  l o c a t i o n  o f  t h e  p o l e s  o v e r  time -- because o f  p r e c e s s i o n  and 
n u t a t i o n .  However, t h e  n u t a t i o n  i s  q u i t e  small, and t h e  pre-  
c e s s i o n  o c c u r s  v e r y  s l o w l y .  T h e r e f o r e ,  one can  c o n s i d e r  t h e  
l o c a t i o n  of  t h e  p o l e s  as f i x e d  for a l l  p r a c t i c a l  p u r p o s e s .  

11.4, The Topography and Relief o f  t h e  S u r f a c e  

One of t h e  i m p o r t a n t  problems of t h e  p h y s i c s  o f  Venus i s  t o  
discover r eg ions  on t h e  surface w i t h  various p h y s i c a l  p r o p e r t i e s ,  
t o  d e t e r m i n e  t h e  l o c a t i o n ,  s i z e ,  and forms of t h e s e  r e g i o n s ,  and t o  
c o r r e l a t e  these data w i t h  t h e  o t h e r  c h a r a c t e r i s t i c s  of t h e  p l a n e t .  

Because t h e  Venusian atmosphere i s  
opaque f o r  v i s i b l e  and i n f r a r e d  r a d i a t i o n ,  such  i n f o r m a t i o n  can b e  
o b t a i n e d  e i t h e r  by d i r e c t  p r o b e s  u s i n g  d e s c e n t  appara t i  o r  by 
r a d i o  astronomy and radar r e s u l t s .  

Descent a p p a r a t u s e s  can  p r o v i d e  t he  most comple te  and accu- 
r a t e  i n f o r m a t i o n  a b o u t  t h e  p r o p e r t i e s  of  t h e  s u r f a c e  i n  t h e  r e g i o n s m  
of  d e s c e n t .  However, it would h a r d l y  be r e a l i s t i c  i n  t h e  
f o r e s e e a b l e  future t o  send  the hundreds o f  d e s c e n t  a p p a r a t u s e s  
needed t o  r e s o l v e  t h i s  problem. 

Radio astronomy measurements made i n  t w o  p o l a r i z a t i o n  p l a n e s  
a t  s e v e r a l  wavelengths  c o u l d ,  w i t h  s u f f i c i e n t l y  h i g h  r e s o l u t i o n ,  
d e t e r m i n e  the d i s t r i b u t i o n  of t e m p e r a t u r e ,  p e r m i t t i v i t y ,  and 
e l e v a t i o n  above t he  mean l e v e l  o f  t h e  p l a n e t a r y  s u r f a c e .  However, 
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t he  r e s o l u t i o n  of t h e  ground r a d i o t e l e s c o p e s  tha t  a re  a v a i l a b l e  
o r  are  b e i n g  b u i l t  i s  n o t  h igh  enough t o  examine i n d i v i d u a l  
r e g i o n s  on Venus. 

A v e r y  p romis ing  means of  s o l v i n g  t h i s  problem i s  t o  i n c r e a s e  
r e s o l u t i o n  by i n s t a l l i n g  a r a d i o t e l e s c o p e  on a s p a c e c r a f t  tha t  
passes by n e a r  t h e  p l a n e t  o r  t h a t  i s  i n s e r t e d  i n t o  o r b i t  as a n  
a r t i f i c i a l  s a t e l l i t e .  The S o v i e t  AIS [ a u t o m a t i c  i n t e r p l a n e t a r y  
s t a t i o n ]  Mars-3 used  t h i s  s u c c e s s f u l l y  t o  s t u d y  Mars [12]; however, 
i t  has s t i l l  n o t  been used  t o  s t u d y  Venus.3 T h e r e f o r e ,  t h e  on ly  
means o f  examining t h e  d e t a i l s  of t h e  Venusian s u r f a c e  i s  still 
radar ,  t h e  h i g h  p l a n e t a r y  r e s o l u t i o n  of which i s  due t o  f r equency  
and t i m e  g a t i n g  ( c f .  S e c t i o n  11.2). With t h i s ,  r e g i o n s  w i t h  
v a r i o u s  r e f l e c t i n g  c h a r a c t e r i s t i c s  can  be d i s c o v e r e d  on t h e  p l a n e t .  
The t i m e  t h e  f r o n t  edge o f  t h e  echo p u l s e  r e t u r n s  can  be used a l s o  
t o  d e t e r m i n e  s u r f a c e  e l e v a t i o n  a t  the  s u b r a d a r  p o i n t ;  i n  t h i s  way, 
i n f o r m a t i o n  a b o u t  s u r f a c e  r e l i e f  i s  o b t a i n e d .  

A s  ment ioned above,  i n  1962 G o l d s t e i n  and C a r p e n t e r  [ 3 1 7 1  found 
on t h e  echo  spec t rum d e t a i l s  t h a t  co r re spond  t o  h i g h - r e f l e c t i v i t y  
l o c a l i t i e s  on t h e  p l a n e t a r y  s u r f a c e .  I n  o r d e r  t o  de t e rmine  t h e  
l o c a t i o n  of  these l o c a l i t i e s  on t h e  p l a n e t a r y  s u r f a c e ,  C a r p e n t e r  
u sed  a p l a n e t o c e n t r i c  system o f  c o o r d i n a t e s ,  i n  which zero  was t a k e n  
t o  be t h e  m e r i d i a n  t ha t  passed th rough  t h e  r e g i o n  o f  g r e a t e s t  
r e f l e c t i v i t y ,  a r e g i o n  G o l d s t e i n  c a l l e d  t h e  a - r e g i o n .  The d i r e c -  
t i o n  of  t h e  l o n g i t u d e  r e a d i n g s  w a s  chosen so t h a t  t h e  l o n g i t u d e  
of the c e n t r a l  ( f o r  an o b s e r v e r  on E a r t h )  m e r i d i a n  i n c r e a s e d  as 
Venus r o t a t e d .  I n  c o n n e c t i o n  w i t h  t h e  f ac t  t h a t  s e v e r a l  o b s e r v e r s  
had used  d i f f e r e n t  r e a d i n g s  s y s t e m s  and t ha t  t h e r e  was ambigui ty  
i n  t h e  d e t e r m i n a t i o n  of t h e  Venusian n o r t h  and s o u t h  p o l e s ,  t h e  
I n t e r n a t i o n a l  As t ronomica l  Union i n  1970  a c c e p t e d  t h e  b a s i c  p o s t u -  
l a t e s  o f  t h e  p l a n e t o c e n t r i c  s y s t e m  o f  c o o r d i n a t e s  f o r  Venus; ac -  
cordingly, t h e  north p o l e  of Venus is north of t h e  p l ane  of the 
e c l i p t i c ,  and i t s  c o o r d i n a t e s  are  d e f i n e d  as f o l l o w s :  right 
a s c e n s i o n  a = 273.0" and d e c l i n a t i o n  6 = +66.0° ( 1 9 5 0 . 0 ) .  Longi- 
t u d e s  are c o n s i d e r e d  t o  i n c r e a s e  as t i m e  passes f o r  an E a r t h  
o b s e r v e r .  The z e r o  m e r i d i a n  p a s s e s  t h r o u g h  t h e  a - r e g i o n  and i s  
d e f i n e d  s o  tha t  t h e  l o n g i t u d e  of t h e  c e n t r a l  ( f o r  an o b s e r v e r  on 
E a r t h )  m e r i d i a n  a t  0:OO on June  20 ,  1 9 6 4  ( J u l i a n  day 2,438,566.5)  
was 320.0O. The p l a n e t o c e n t r i c  l a t i t u d e  of t h e  c e n t e r  of t h e  
a - r e g i o n  i s  -30'. A second r e g i o n  of h igh  r e f l e c t i v i t y  G o l d s t e i n  
named B; i t  i s  l o c a t e d  n e a r  280° l o n g i t u d e ,  +20° l a t i t u d e .  

I n  t h e  measurements C a r p e n t e r  made i n  the Je t  P r o p u l s i o n  Lab- 
o r a t o r y  i n  1964 [232],  t h e  6- reg ion  was r e s o l v e d  i n t o  t h r e e  f e a t u r e s  

The o n l y  exper iment  i n  i n s t a l l i n g  a r a d i o t e l e s c o p e  on a space-  
c r a f t  was done by t h e  USA on t h e  Mariner-2,  which flew by Venus 
i n  1962 .  
wave leng ths  of 1 . 3 5  and 1 . 9  cm which were used i n  t h e s e  measure- 
ments .  T h e r e f o r e ,  t h e  d a t a  o b t a i n e d  i n  t h i s  expe r imen t  gave no 
t n f o r m a t i o n  about t h e  p l a n e t a r y  s u r f a c e .  

3 

However, t h e  a tmosphere  of  Venus i s  i m p e n e t r a b l e  t o  the  

25 



ORIGINAL PAGE IS 
OF POOR QUALITY 

he narred B ,  C ,  and D.  Measurements made 
near i n f e r i o r  c o n j u n c t i o n  i n  1964 by 
t he  USSR Academy of  S c i e n c e s '  I n s t i t u t e  
o f  E l e c t r o n i c s  and Radio E n g i n e e r i n g ,  t h e  
Jet P r o p u l s i o n  L a b o r a t o r y ,  and t h e  
Arec ibo  I o n o s p h e r i c  Labora to ry  ( U S A )  
confirmed t h e  p r e s e n c e  o f  p a r t i c u l a r  
r e g i o n s  of high r e f l e c t i v i t y  on t h e  
p l a n e t a r y  s u r f a c e .  An example of  a 
Venusian r e f l e c t i v i t y  spec t rum w i t h  t h e s e  
d e t a i l s  i n  g i v e n  i n  Fig. 9 .  

Venus i n  1964, 1967,  and 1969,  measure-  
ments  were made of  t h r e e  s e l e c t e d  d e t a i l s  
a t  a wavelength  o f  7 0  cm [ 3 6 9 ] .  Two o f  
t h e s e  d e t a i l s ,  named Gauss and H e r t z ,  
c o i n c i d e  w i t h  C a r p e n t e r ' s  C1 and D2 
d e t a i l s .  The t h i r d  d e t a i l ,  named Max- 
w e l l  (Venusian l a t i t u d e  64 * 2' and 
l o n g i t u d e  3 . 5  5 1") had n o t  p r e v i o u s l y  
been obse rved .  A l i s t  o f  h igh  r e f l e c -  

Near t h r e e  i n f e r i o r  c o n j u n c t i o n s  of /38 F i g .  9 .  Frequency 
spec t rum of t h e  r e -  
f l e c t i o n  from Venus 
a t  a wavelength  of . 
12 .5  cm. The arrows 
den0 t e t h e  h igh-  
r e f l e c t i v i t y  a r e a s .  

t i v i t y  r e g i o n s  and t h e i r  c o o r d i n a t e s  are g i v e n  i n  T a b l e  3 .  

TABLE 3.  DETAILS OF H I G H  RADAR REFLECTIVITY 
ON THE SURFACE OF VENUS 

-._____ ~ -pa_-- _ .  ---- 

a H ~ ~ -  A = 12.5 cm,Jet A = l2-.5 cg, J e t  Pro-  A = 70 crn, Arecibo, 
i t k 2 . 8 t a t i o n  I Propulsion Lab. , PUlSlOn La Jurgens o r a t o r y ,  

g * i  Longi- L a t i -  g$j L a t i -  

Rogers e t  a l .  G+d s t,e i n  Carpenter -.- - - - - - 
b a, 4 

g;$''tude tude  U4l-d 0 3  oc, ,, tude 
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High r e f l e c t i v i t y  can  b e  caused by t h e  f o l l o w i n g  f e a t u r e s  
of the  s t u d y  r e g i o n :  

1) d i f f e r e n c e s  i n  s u r f a c e  m a t e r l a l  and, t h u s ,  p e r m i t t i v i t y ;  

2 )  a l o c a l  e l e v a t e d  area a n d , t h u s ,  less a b s o r p t i o n  by the  
atmosphere ; 

3 )  a r o u g h e r  s u r f a c e  t e x t u r e .  

A n - a n a l y s i s  o f  t he  change i n  t h e  magnitude of  h i g h  r e f l e c t i v i t y  
a t  a wavelength of  3.8 em as t h e  p a r t i c u l a r  r e g i o n  moved a l o n g  t h e  
d i s k  and ,  c o n s e q u e n t l y ,  as t h e  a n g l e  of r e f l e c t i o n  changed, showed 
t h a t  t h e  main r e a s o n  f o r  h i g h  r e f l e c t i v i t y  i s  s u r f a c e  roughness .  
However, rough s u r f a c e  f e a t u r e s  a l o n e  cannot  e x p l a i n  t h e  q u a n t i -  
t a t i v e l y  h i g h  r e f l e c t i v i t y  i n  t h e  a - r e g i o n ;  a n  i n c r e a s e  i n  permi t -  
t i v i t y  o r  i n  e l e v a t i o n  i s  a l s o  n e c e s s a r y .  

P o l a r i z e d  measurements a l s o  show t h a t  r e g i o n s  of h igh  r e f l e c -  
t i v i t y  a re  r o u g h e r  (on t h e  s c a l e  of  t h e  w a v e l e n g t h s o f t h e  radar 
measurements ) .  Anomalously r e f l e c t i n g  r e g i o n s  have,  i n  a depola-  
r i z e d  echo,  a much greater  ( a b o u t  t e n  times) c o n t r a s t  t o  t h e  
s u r r o u n d i n g  s u r f a c e  t h a n  i n  a p o l a r i z e d  echo.  

t i o n  o f  these f e a t u r e s  of t h e  p l a n e t .  Moreover, a v a i l a b l e  
e x p e r i m e n t a l  data  from radar soundings  i n d i c a t e  a c o n s i d e r a b l e  
r o u g h n e s s  on t h e  Venusian s u r f a c e .  

It i s  d i f f i c u l t  a t  p r e s e n t  t o  g i v e  a n  unambiguous i n t e r p r e t a -  

Rogers and I n g a l l s  C473-J drew up a de t a i l ed  map of  t h e  Venusian 
r e f l e c t i n g  p r o p e r t i e s  from measurements made at a wavelength  of 
3.8  em. So as t o  a v o i d  any ambigui ty  between t h e  n o r t h e r n  and 
s o u t h e r n  hemispheres  (an  ambigui ty  i n h e r e n t  i n  t h e  t ime-frequency 
g a t i n g  method, c f .  S e c t i o n  1 1 . 2 1 ,  t h e  echo was r e c e i v e d  on two 

w i d t h  of t h e  i n t e r f e r e n c e  l o b e  i s  e q u a l  t o  0 . 1  of  t h e  d i s k  of Venus. 
On t h e  basis  of o b s e r v a t i o n s  made d u r i n g  5 d a y s  i n  A p r i l  1 9 6 9 ,  a 
map was drawn up of  t h e  r e f l e c t i n g  p r o p e r t i e s  o f  a s u r f a c e  area 
bounded by l o n g i t u d e s  0" and -80" ( a c c o r d i n g  t o  the  I A U  [ I n t e r -  
n a t i o n a l  As t ronomica l  Union] sys tem)  and l a t i t u d e s  o f  -50" t o  
+40° ( F i g .  lo). 

covered .  T h e i r  c e n t e r s  are h = 335", 6 = -28' and X = 312O, 
Q = -14O. 
t h e  o b s e r v a t i o n s .  The second f o r m a t i o n  was less c l e a r .  

spaced  a n t e n n a s ,  which o p e r a t e d  as a r a d i o  i n t e r f e r o m e t e r .  The /40 

Two large c i r c u l a r  f o r m a t i o n s  similar t o  l u n a r  seas were d i s -  

The f i rs t  f o r m a t i o n  was c l e a r l y  s e e n  on each  day of 

I n  t h e  spring of 1969 and t h e  f a l l  o f  197C,  G o l d s t e i n  e t  a l .  1'41 - 
[ 3 2 0 ]  d i d  independent  measurements of r e f l e c t i v i t y  d i s t r i b u t i o n  
on t h e  s u r f a c e  of  Venus a t  a wavelength  of  12.5 cm. R e s o l u t i o n  
on t h e  s u r f a c e  o f  t he  p l a n e t  was about  50 km x 50 km; however, 
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Fia. 1 0 .  R e f l e c t i v i t y  map o f  t h e  

, ,  

s u r -  
face of  Venus a t  a wavelength  of 
3 .8  cm. The dashed l i n e  i s  t h e  edge 
of t h e  mapped area.  

Key: a .  S u b r a d a r  p o i n t ;  b.  Region ... 

ambigui ty  between 
n o r t h e r n  and s o u t h e r n  
hemisphere was n o t  
e n t i r e l y  r u l e d  o u t .  

The r e s u l t s  of t he  
measurements a re  g i v e n  
i n  F i g .  11. The r a t i o  
of echo i n t e n s i t y  i n  
I' b r  i g h t  I' and " d a r k  I' 

r e g i o n s  i s  as h i g h  as 
20:l. Regions of h igh  
r e f l e c t i v i t y  a ,  B y  and 
d have a c i r c u l a r  shape  
and a d i a m e t e r  of  about  
1 0 0 0  km. 

The most d e t a i l e d  
measurement o f  t h e  d i s -  
t r i b u t i o n  of r e f l e c t i n g  
p r o p e r t i e s  and topography 
of  t h e  Venusian s u r f a c e  was 
made n e a r  t h e  i n f e r i o r  
c o n j u n c t i o n  of 1 9 7 2  
C2851 

The p l a n e t a r y  s u r -  
f a c e  r e s o l u t i o n  was 
f i v e  times h ighe r  t h a n  
i n  1970 -- 1 0  km. Wi th  /42 
such  r e s o l u t i o n ,  a more 
d e t a i l e d  e x a m i n a t i o n  w a s  

made of a r e g i o n  whose diameter was a b o u t  1 5 0 0  km and whose c e n t e r  
was a t  X = 320°, 4 = t 2 O .  T h i s  r e g i o n  i s  c . i r c l e d  i n  F i g .  11. 

g i o n  there  a re  more t h a n  t e n  r ing-shaped  c r a t e r s ,  w i t h  d i a m e t e r s  ~- 
o f  35-150 km, and similar i n  shape t o  t h e  c r a t e r s  of t h e  Moon. 
S m a l l e r  c r a t e r s  c a n n o t  be d i s c o v e r e d  because  of  t h e  l i m i t a t i o n s  
on r e s o l u t i o n .  

The composi te  radar map i n  F i g .  1 2  r e v e a l e d  t h a t  i n  t h i s  re -  

The first r e s u l t i n g  a t tempt  t o  s t u d y  t h e  r e l i e f  o f  t h e  Venu- 
s i a n  s u r f a c e  was u n d e r t a k e n  by W .  Smith e t  a l .  a t  t h e  Haystack 
S t a t i o n  C5081. T h e i r  radar measurements,  made a t  a wavelength  of 
3.8 cm and w i t h i n  a l i m i t e d  l o n g i t u d i n a l  r a n g e ,  r e v e a l e d  t h e  pre-  
s e n c e  o f  a n  e l e v a t e d  area a b o u t  2 km h igh  and 1 5 0  km l o n g  on a 
l o n g i t u d e  o f  about  330'. This elevated area a l s o  g i v e s  an echo 
2 .5  times s t r o n g e r  t h a n  t h e  s u r r o u n d i n g  area.  A t  t h e  p r e s e n t  t i m e ,  
t h e  Haystack and Arec ibo  s t a t i - n s  are  making radar measurements o f  
t h e  topography o f  t h e  e n t i r e  e l lc ia tor ia l  r e g i o n  [231]. The measure- 
ments were a t  wavelengths  of 3.8 and 70  cm from August 1967  t o  
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November 1970,  and t h e y  i n -  
c l u d e  e i g h t  f u l l  r e v o l u t i o n s  
of  Venus r e l a t i v e  t o  Ear th .  
Changing t h e  l a t i t u d e  o f  t h e  
s u b r a d a r  p o i n t  d u r i n g  t h e  
p e r i o d  made i t  p o s s i b l e  t o  
cove r  t h e  area of l a t i t u d e s  
from -9' t o  + l o o .  I n  t h e  
f i r s t  measurements ,  t h e  
a l t i t u d e  r e s o l u t i o n  was no 
worse t h a n  1 km. I n  t h e  1970 
measurements ,  t h e  a l t i t u d e  
r e s o l u t i o n  was improved t o  
150 m .  R e s o l u t i o n  of t h e  
p l a n e t ' s  s u r f a c e  was from 
200 t o  4 0 0  k m .  The r e s u l t s  
of t h e  measurements a re  g i v e n  
i n  F i g .  13.  

F ig .  11. R e f l e c t i v i t y  map of t h e  The most  no tewor thy  
s u r f a c e  o f  Venus a t  a wavelength  
of  1 2 . 5  cm. abou t  3 km above t h e  mean s u r -  

6050 5 0 .5  km. The l o n g i t u d e  of  t h i s  reg ion  i s  a b o u t  90". I t  ex- 
t e n d s  a b o u t  6000 km i n  l o n g i t u d e  and a t  l e a s t  500 km i n  l a t i t u d e  

f i n d i n g  was an  e l e v a t e d  area 

f a c e  l e v e l  c o r r e s p o n d i n g  t o  
an  e q u a t o r i a l  r a d i u s  

F ig .  1 2 .  La rge - sca l e  map of t h e  r e f l e c t i o n  o f  t h e  area 
of Venus c i r c l e d  i n  F i g .  11 ( l e f t ) .  An e l e v a t i o n  map 
of  the  same r e g i o n  ( r i g h t ) .  Contour i n t e r v a l  -- 200 m .  
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Fig .  13 .  E l e v a t i o n  p r o f i l e  of  t h e  
s u r f a c e  of  t h e  e q u a t o r i a l  r e g i o n  o f  
Venus; according t o  radar measure- 
ments  o f  r a n g e .  The numerals  d e n o t e  
t h e  numbers of r e v o l u t i o n s  o f  Venus 
r e l a t i v e  t o  E a r t h  s i n c e  August 1 9 6 7 .  
Zero a l t i t u d e  c o r r e s p o n d s  t o  a n  
e q u a t o r i a l  r a d i u s  of Venus of 
6050 0 .5  km. 

Key: a. Longi tude  

The s l o p e s  of  t h i s  
e l e v a t e d  r e g i o n  a re  uneven. 
On t h e  s i d e  where l o n g i -  
t u d e  d e c r e a s e s ,  t h e  
s l o p e  i s  g e n t l e  -- a 
mean a n g l e  o f  a b o u t  0.04' .  
On t h e  s i d e  where l a t i -  
t u d e  i n c r e a s e s ,  t h e  s l o p e  
i s  much s t e e p e r  -- a 
mean a n g l e  of  a b o u t  0.5'. 

Measurements of  t h e  / 4 4  - 
r e l i e f  made on v a r i o u s  
r e v o l u t i o n s  of Venus 
a g r e e  w i t h  e a c h  o t h e r  t o  
w i t h i n  200-500 m .  Rogers 
e t  a l .  [ 4 7 4 ]  made a n  i n -  
dependent  d e t e r m i n a t i o n  of 
t h e  e l e v a t i o n  p r o f i l e  of  
t h e  Venusian e q u a t o r i a l  
r e g i o n  from data  on t h e  
change o f  radar c r o s s  
s e c t i o n  a t  a wavelength  
of  3 . 8  cm w i t h  a p l a n e t o -  
c e n t r i c  l o n g i t u d e .  Radio 
waves a t  t h i s  wavelength  
a r e  s t r o n g l y  absorbed  by 
t h e  Venusian a tmosphere .  
By comparing t h e  radar 
c r o s s  s e c t i o n  a t  t h i s  wave- 
l e n g t h  w i t h  t h a t  a t  l o n g e r  
wavelengths ,  where t he re  
i s  l i t t l e  a b s o r p t i o n ,  i t  

i s  p o s s i b l e  t o  d e t e r m i n e  t h e  amount of  a t m o s p h e r i c  a b s o r p t i o n ,  t h e  
t h i c k n e s s  of t h e  a tmosphere ,  and ,  c o n s e q u e n t l y ,  t he  e l e v a t i o n  of  
t h e  s u r f a c e  a s  w e l l .  

The r e s u l t s  o f  d e t e r m i n i n g  an  e l e v a t i o n  p r o f i l e  i n  t h i s  way 
( g i v e n  i n  F i g .  1 4 )  are  i n  q u a l i t a t i v e l y  good agreement  w i t h  p r e -  
v i o u s l y  c i t e d  d a t a  on measur ing  t h e  r e l i e f  by measur ing  t h e  r a d a r  
r a n g e  ( c f .  F i g .  1 3 ) .  L o n g i t u d i n a l  r e s o l u t i o n  i s  12'. 

/45 

For p u r p o s e s  of  c a l c u l a t i o n ,  t h e  atmosphere o f  Venus was t a k e n  
as a d i a b a t i c  , 
= -8 .8 deg.km-I,-the t e m p e r a t u r e  and p r e s s u r e  a t  mean s u r f a c e  
l e v e l  are 750°K and 90 a t m ,  and t h e  chemica l  composi t ion  i s  95% C 0 2 ,  
4.6% N2, and 0.4$ H 2 0 .  
p ( O ) ,  T(O),  B and y changes  t h e  z e r o  l e v e l  by 3,  - 8 ,  1, and 1 2 ,  
r e s p e c t i v e l y .  The e l e v a t i c . .  changes by -3, 1 8 ,  7 ,  and 4 5 1 ,  
r e s p e c t i v e l y .  

- cp/cv = 1 2 . 8 ,  t h e  t e m p e r a t u r e  g r a d i e n t  B = 

An i n c r e a s e  of  1 0 %  i n  one o f  t h e  p a r a m e t e r s  

i 
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F i g .  1 4 .  E l e v a t i o n  p r o f i l e  
o f  t h e  s u r f a c e  o f  t h e  equa- 
t o r i a l  r e g i o n  of Venus -- 
de te rmined  f rom t h e  abso rp -  
t i o n  of  radar r e f l e c t i o n  i n  
t h e  atmosphere.  

Key: a .  Longi tude 

ylr 
I ,  

I /  

4/jn:.lme/ a 

I t  shou ld  be no ted  that  t h e  
r e l i e f  de t e rmined  i n  t h i s  way i s  
averaged  ove r  a large a r e a .  
T h e r e f o r e ,  the  a c t u a l  d rop  i n  
e l e v a t i o n  r e c o r d e d  i n  t h e s e  
measurements can  be much grea te r .  
I n  o r d e r  t o  e v a l u a t e  t h i s  e f f e c t ,  
w e  d i d  a modeled a v e r a g e  f o r  t h e  
Caucasus Mountains on Ea r th ;  t h i s  
d e c r e a s e d  t h e  a c t u a l  d rop  i n  
e l e v a t i o n  abou t  t w o f o l d .  Con- 
s e q u e n t l y ,  i f  t h e r e  i s  a "Caucasus- 
l i k e ' '  r e l i e f  on Venus, t h e  e l e -  
v a t e d  areas d i s c o v e r e d  by r a d a r  
can co r re spond  t o  mounta ins  abou t  
6-10 lan h igh .  However, because  
of  the  h i g h  s u r f a c e  tempera-  
t u r e ,  t h e  Venusian c r u s t  shou ld  be  
even more a c t i v e  t h a n  t h e  E a r t h ' s ,  
and,  t h e r e f o r e ,  because  o f  condi -  
t i o n s  o f  i s o s t a s y ,  it i s  n o t  
p r o b a b l e  t h a t  t h e r e  a r e  such  h i g h  
mountains  on Venus. 

The n e x t  measurements o f  t h e  Venusian s u r f a c e  r e l i e f  were made / 4 6  - 
i n  t h e  above-mentioned r a d a r  exper iment  a t  t h e  J e t  P r o p u l s i o n  
L a b o r a t o r y  i n  1972  [ 2 8 5 ] .  Echo r e c e p t i o n  was on two a n t e n n a s  
spaced  22  k m  apar t .  T h i s  made i t  p o s s i b l e  t o  o b t a i n  s p e c t r o s c o p i c  
d e p i c t i o n  o f  t he  s u r f a c e  w i t h  an  e l e v a t i o n  r e s o l u t i o n  of  200  m .  
The p r o c e s s i n g ,  done on a computer s p e c i a l l y  d e v i s e d  for t h i s  ex- 
per imen t  and w i t h  a speed  of  5-107 o p e r a t i o n s  p e r  second,  showed 
t h a t  t h e  c r a t e r s  on Venus were q u i t e  sha l low.  For  example,  a 
c r a t e r  of  1 5 0  km diameter has an  overall d e p t h  of abou t  0 . 5  km. 
The e n t i r e  s tudy  a r e a  t u r n e d  o u t  t o  b e  q u i t e  f l a t :  t h e  d rop  i n  
e l e v a t i o n  i s  n o t  i n  e x c e s s  of 1 km. 

It i s  impor t an t  t o  n o t e  t h a t  o f  t h e  th ree  b o d i e s  i n  t h e  solar 
s y s t e m  -- t h e  Moon, Mars, and Venus -- whose s u r f a c e s  are  s t r o n g l y  
c r a t e r e d ,  t h e  deepest c r a t e r s  a r e  found on t h e  Moon, which h a s  
p r a c t i c a l l y  no atmosphere.  The c r a t e r s  on Mars, which has a rare- 
f i e d  a tmosphere ,  are smaller. The s m a l l e s t  are  on Venus, a p l a n e t  
whose a tmosphere  i s  dense .  
t h a t  t h i s  d i f f e r e n c e  i n  c r a t e r  d e p t h  on t h e  Moon, Mars, and Venus 
i s  caused  p r i m a r i l y  by t h e  a tmosphere .  I n  G o l d s t e i n ' s  o p i n i o n ,  
t h e  large c r a t e r s  on Venus are of impact o r i g i n  and were formed 
when t h e  p l a n e t  d i d  n o t  have  a dense  a tmosphere .  An i n c r e a s e  i n  
a tmosphe r i c  d e n s i t y  l e d  t o  t he  development  of a more i n t e n s e  e r o -  
s i o n  than on t h e  Moon and Mars, and t h i s  made t h e  r e l i e f  f l a t t e r .  
However, i t  i s  i m p o s s i b l e  t o  e x c l u d e  the  h y p o t h e s i s  t h a t  t h e  c r a t e r s  
are  v o l c a n i c a l l y  formed. 

Such  a sequence g i v e s  r e a s o n  t o  suppose 



The Earth does  n o t  f i t  i n t o  t h i s  sequence .  Its a tmospher i c  
d e n s i t y  i s  i n t e r m e d i a t e  between t h a t  of Mars and Venus, and it has 
o n l y  q u i t e  smooth remnants  of m e t e o r i t e  c r a t e r s .  A p o s s i b l e  
r e a s o n  f o r  t h i s  f e a t u r e  can  b e  t h e  predominant  r o l e  o f  wa te r  
e r o s i o n ,  a s  opposed t o  wind e r o s i o n  on Mars and Venus, i n  t h e  
f o r m a t i o n  o f  t h e  E a r t h ' s  r e l i e f .  The s h a l l o w n e s s  of Venusian 
c r a t e r s  can  be caused ,  b e s i d e s  by  a tmosphe r i c  e r o s i o n ,  by v o l -  
c a n i c  a c t i v i t y  f i l l i n g  them w i t h  l a v a .  

Radar measurements of  r e l i e f  have d e a l t  o n l y  w i t h  t h e  equa- 
There a r e  no d a t a  on the  r e l i e f  of t o r i a l  r e g i o n  of  t h e  p l a n e t .  

the  rest  of t h e  s u r f a c e ,  which i s  not  covered  by t h e s e  measurements .  /47 
One can  o n l y  assume t h a t ,  because  of c o n d i t i o n s  of i s o s t a s y  and 
t h e  d e n s i t y  of  s u r f a c e  material ,  it i s  n o t  v e r y  l i k e l y  t h a t  there  
are mounta ins  on Venus h i g h e r  t h a n  1 0  km. 

I n  o r d e r  t o  s o l v e  t h i s  problem e x p e r i m e n t a l l y ,  by methods on 
E a r t h ,  a s i g n i f i c a n t  i n c r e a s e  i n  t h e  energy  p o t e n t i a l  o f  radar 
d e v i c e s  i s  n e c e s s a r y .  However, t h e  measurements most conducive  
t o  r e s u l t s  f o r  t h e s e  i n v e s t i g a t i o n s  w i l l  e v i d e n t l y  b e  measurements  
made by  a u t o m a t i c  i n t e r p l a n e t a r y  s p a c e c r a f t  t h a t  a r e  i n s e r t e d  i n t o  
orbit around Venus. 

i 
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* CHAPTER 3. THE PHYSICS OF THE SURFACE 

As indicated above, because optical and infrared radiation 
cannot penetrate the Venusian atmosphere, the study of the surface 
can be done only by the techniques of radio astronomy and radar 
and by using descent apparatuses as well. In this regard, Section 
11.2 briefly s e t s  forth the fundamentals of radar research of 
planets. Here we set forth the fundamentals of planetary radio 
astronomy -- as applied t o  the study of' Venus. Readers familiar 
w i t h  radio astronomy can s k i p  this section. 

111.1. The Fundamentals of Planetary Radio Astronomy 

Any 'body at a temperature other than O°K emits electromagnetic 
waves in a broad spectral range, including radio frequency. This 
emission arises as the energy of charged particles in random 
thermal motion changes. 

The intensity of radio emission is usually expressed by one of 
the three following parameters: brightness I, flux density S, and 
brightness temperature T. 

Brightness I characterizes the flux of energy emitted by an 
element of  area of the body under examination (this area subtends 
a s o l i d  angle dR at the observer) per unit frequency band, unit 
time, and unit area in a direction normal to this area In a 
practical system of units, I is expressed as w*m'2-Hz-i*sterad-1. 

For heat emission 

I (111.1) 

where K and T are  the coefficient of absorption and the temperature 
of the body and B(T) is Planck's emission function. In the general 
case 

(111.2) 

where h is Planck's constant, k is Boltzmann's constant, A and v 
are the wavelength and frequency of the radio emission received. 

In the radio frequency range, usually hv<< kT. With this, 
Eq, (111.2) leads t o  the simpler form of the Rayleigh-Jeans 
formula 

m r .  3 )  
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(111.4) 111 I'  
1, I % - .  

t 

For sources that are small in comparison with the beam width 
of radio telescopes (which is usually the case f o r  the planets), 
the measured value is the flux density S, which characterizes the 
flux of the energy emitted by the entire object under study 

Integration is carried out within the limits of the solid angle 
of the source a s ,  since the integral is equal to zero outside 
these limits. In a practical system of units, S is expressed as 
u.m-2 . H Z - ~ ;  

The determination of brightness or flux density of the radio 
emission under investigation -- by measuring its power -- requires 
a knowledge of the transmission bandwidth and the form of the 
frequency characteristic of the radio receiver. Therefore, the 
measurement of intensity is done by comparing i t  to the intensity 
of absolute blackbody radio emission. The temperature of an ab- 
solute blackbody that has the same brightness on a given fre- 
quency in a given direction as the source being studied is called 
the brightness temperature TB of this source. 

For an absolute blackbody, K = 1 and the brightness of its /50 
emission at a given temperature is maximally 

(111.6) 

By comparing E q s .  (111.4) and (III.~), we obtain the brightness 
temperature of thermal radio emission 

The absorption coefficient K - < 1. Therefore, f o r  thermal emission, 
always' 
In the case of nonthermal emission, the brightness temperature is 
a formal parameter unrelated to the kinetic temperature of the 
body under investigation. In this case, therefore, it is possible 
that TB > T. However, there is no pronounced nonthermal radio 
emission on Venus. We therefore do not examine the mechanics of 
nonthermal radio emission. 

r 
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TB < T. (111.8) - 

These relations describe the emission of an isothermal body. 

Venus has a dense atmosphere that absorbs millimeter and 
centimeter radio waves, the temperature of which varies with al- 
titude; it is not an isothermal body. In this case, the intensity 
of emission is defined by the emissior, transfer equation 

o r  

The value 

i 

is called the optical depth of the atmosphere and characterizes the 
extinction of an electromagnetic wave along the line of sight above 
a level located at a distance s from the surface of the planet. 
Inasmuch as f o r  every optical depth -rS 
one can henceforth write B ( T , )  instead of B ( T ) .  By integrating 
E q .  (111.9) along the line of sight, we obtain 

there is a definite value T, /51 

or, transferring to brightness temperatures 

(111. l o )  

Here Io and TBO are the brightness and brightness temperature of 
the surface T = 1 , K d s  is the total optical thickness of the 
atmosphere. 

Passing to a more specific distribution of temperature and 
absorption at altitude h, and considering also the atmospheric 
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emission reflected off the surface, we obtain the following for- 
mula for-determining the radio emission of a planet with an 
atmosphere: 

(111.11) 

Here the first term expresses the emission from the surface, 
the second the emission from the atmosphere, and the third the 
atmospheric emission reflected o f f  the surface. Rs is the re- 
flection coefficient of the surface. 

The brightness temperature in general, as well as the bright- 
ness, depends on the location of the emitting region on the object 
Tg = Tg(@,B) and characterizes t h e  distribution of the intensity 
of radio emission by the source being studied. 

The flux density of radio emission is connected with the 
brightness temperature by the obvious relation 

(111.12) 
S 

For  a source w i t h  an identical brightness temperature TB at 
all points 

- 'B. 
I . - s  (111.13) 

where as is the solid angle of the radio source. 

For sources with dissimilar brightness temperature, the con- 
ception of brightness temperature averaged o v e r  i t s  solid angle 
is used: 

(111.14) 

For Venus, one speaks in this case o f  a brightness temperature 
averaged over the apparent disk of the planet T B ~ .  The brightness 
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temperature is expressed in degrees Kelvin (absolute scale). The 
flux density is related to the brightness temperature averaged 
over the apparent disk by the relation 

where is the solid angle of Venus' apparent disk. 

ture stems from the fact that in the case of thermal emission TB 
is related to the kinetic temperature o f  the source T by a very 
simple relation; and for a blackbody, it is simply equal to T. 

and atmospheric temperatures from the measured brightness tempera- 
ture of radio emission, which reduces to the solution of the 
integral equations (111.11) and (111.14) -- is not generally with- 
out ambiguity. It is customary, therefore, to set up a model of 
the atmosphere-(for example, a model with an adiabatic distribu- 
tion of temperature versus height) and vary the parameters of this /53 
model (water vapor content, surface temperature, pres- 
sure, etc.) so as to obtain the best agreement with the experiment. 
The number of equations necessary to determine several parameters 
is obtained from measurements of TB at various wavelengths, which 
are selected in such a way that brightness temperature varies with 
the parameters t o  be determined. 

? 
The convenience of using the conception of brightness tempera- 

Solving the opposite problem -- that of finding the surface 

- 

Specifically, on sufficiently l ong  waves (in the decimeter 
range), as follows from (11.2g)-(11.31), the absorption by the 
atmosphere is small and T <<  1. In this case 

The brightness temperature of the surface TBO is the angle between 
the direction toward the observer and the normal to the surface, 
and R, is the reflection coefficient. 

tion coefficients are determined by the Fresnel formulas 
F o r  a smooth (compared to a wavelength) surface, the reflec- 

for vertical polarization and 

(111.17) 

(111.17 ' ) 
for horizontal polarization. 
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For a spherical planet, the direction of vertical polariza- 
tion coincides with the radii of the apparent disk. In the 
general case of random orientation of the polarization of the 
receiving system 
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1 -- /t', f l  /lV) C-OS' -; ' I I - /lh) s i l l -  ;'. (111.18) 

where y is the angle between the direction of polarization of the 
receiving system and the direction from the emitting element to 
the center of the apparent disk. 
the emitting element to the center of the disk is expressed in a 
fraction of the radius of the disk, a = sin 8, and making simple 
transformations, we obtain 

Considering that the distance of - /54 

(111.19) 

The solution of the integral equation (111.16) is also ambiguous 
and requires the setting up of a model of temperature distribution 
versus depth. However, as a first approximation, one can consider 
that the principal contribution to the emission is made by layers 
at a depth corresponding to T = 1. This depth, called the electro- 
magnetic wave penetration depth, is equal to 

(111.20) --_ 
/e A I > * 

where tg6 is the tangent of the loss angle and E is the permittiv- 
ity of the surface material. In this way, by measuring TB at 
several decimeter wavelengths, one can determine the temperature 
of the Venusian surface layer and how it changes versus depth. 

The value of the permittivity needed to interpret the results 
of measurements can be determined independently -- on the basis 
of data from radar measurements (cf. Section 11.2) and radio 
astronomy measurements. 

The determination of E by radio astronomy measurements is 
based on the fact that the Fresnel reflectior, coefficients depend 
on E;  consequently, brightness temperature depends on E as 
the angle of emission 8 changes. 

This makes it possible to determine E: b y  measuring 
radio brightness distribution on the planetary disk or-by measuring 
the polarization of the radlo emission from edges of the planetary 

s 
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disk. Making such measurements requires a resolution o f  s u f f i -  
ciently small segments on the planet; this is achieved only by 
using radio interferometers or by mounting radio telescopes on 
spacecraft that fly near Venus. 

At millimeter and centimeter waves, the optical thickness of / 54  - 
the atmosphere is sufficiently large. Therefore, the emission of 
these ranges originates basically in the atmosphere, and measuring 
it gives information about atmospheric parameters. In this case, 
for example, one can set up a model of temperature and pressure 
distribution of the atmosphere versus altitude (this is obtained 
from direct measurements by the Venera-4, 5, 6, and 7 AIS'S) and 
then estimate the content of those components of the Venusian 
atmosphere that have considerable absorption in the radio frequency 
range (water vapor, water droplets in the cloud layer, ammonia). 

On the basis of radio astronomy measurements made at various 
phase angles of Venus, one can also estimate the diurnal variations 
in surface and atmospheric temperatures, thereby extrapolating the 
results of the Venera-4-7 measurements, which were made on the 
night side of the planet, to the day side. The Venera-8 measure- 
ments made on the day side of the planet have confirmed the 
validity of such extrapolation. 

111.2. Determination of Permittivity, Density, and Composition of 
Rocks of the Planet's Surface. Surface Microrelief 

The permittivity E of the surface material of Venus is deter- 
mined on the basis of radar and radio astronomy measurements. 

The determination of E from radar data is made by using 
relation (11.3) according to the reflection coefficient R,. The 
value R, is determined from Eq. (11.4) on the basis of measure- 
ment of the radar cross section ur, with the contribution of the 
q u a s i - s p e c u l a r  and d i f f u s e d  components of t h e  echo t a k e n  into 
account. 

The results of measurement of the radar cross section are 

A characteristic feature of 
given in Table 4 and are depicted in Fig. 15 in the form of the 
dependence of or on wavelength A. 
this dependence is that u isapproximately constant in the wave- 
length range from 7 m to $0 cm and sharply decreases at shorter 
waves (by about ten times at wavelength 3.8 cm). This decrease 
is caused by absorption by the Venusian atmosphere. Therefore, 
the determination-of Rs should be made from measurement at wavelength 
A > 20 cm, for which absorption by the Venusian atmosphere is 
suTficiently small. The weighted mean value of the radar cross 
section in this range is U F O  = 0.15 ? 0 . 0 3 .  

length A for a case where t h e  decrease in Up is caused by 
Fig. 15 also gives the calculated dependence of Or on wave- 

- /5 6 
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TABLE 4. RADAR CROSS SECTION OF V E N U S  

:;.6 Karp e t  al. [372] 
.e.s Evans et a l .  [296] 
':.' Evans et al. [297, 2981 

''.'I V i k t o r  et al. [5361 
I !..* 
1; .:: 
_ I  

- 3  

, I  

, e  I (  

. .  

- 

James and Ingalls [3591 t s  \ I  

* R e f e r s  o n l y  t o  t h e  narrow-band component o f  t h e  echo .  
**  Reworked and r e f i n e d  b y  Evens e t  a l .  

* * #  Mean v a l u e s ;  t h e r e  are la rge  v a r i a t i o n s  f rom day 
t o  d a y .  

a b s o r p t i o n  by t h e  a tmosphere f o r  t h e  a t m o s p h e r i c  model g i v e n  I n  
S e c t i o n  I V . 5 .  A good agreement  between t h e  c a l c u l a t i o n  and the  
e x p e r i m e n t  c o n f i r m s  t h e  v a l i d i t y  of t h e  o r i g i n a l  model. 

The c o n t r i b u t i o n  of  q u a s i - s p e c u l a r  and d i f f u s e d  p r o p e r t i e s  
c a n  be estimated by a n a l y s i n g  t h e  d i r e c t i o n  p r o p e r t i e s  o f  t he  
echo .  Figs. 16-18 g i v e  t he  r e s u l t s  of  measur ing  t h e  p r o p e r t i e s  
of e c h o e s  from Venus a t  wavelengths  23 cm [ 2 9 4 ] ,  43 cm [761  and 
70  cm [ 2 8 6 ] ,  wavelengths  f o r  which t he re  i s  l i t t l e  a b s o r p t i o n  b y  
t h e  p l a n e t a r y  a tmosphere .  These measurements g e n e r a l l y  r e v e a l e d  
t h e  p r e s e n c e  i n  r e f l e c t i o n  f u n c t i o n s  o f  a s h a r p  maximum n e a r  
8 = Oo, which c o r r e s p o n d s  to a q u a s i - s p e c u l a r  echo;  h e r e ,  the  
grea te r  p a r t  o f  t h e  echo energy  i s  i n c l u d e d  i n  t h e  q u a s i - s p e c u l a r  
component. 

t a i n e d  i n  v a r i o u s  measurements ( f o r  example, f o r  the  d i s c o v e r y  of 
t h e i r  dependence on wavelength)  i s  p o s s i b l e  only f o r  measurements 
made w i t h  I d e n t i c a l  r e s o l u t i o n .  I n  p a r t i c u l a r ,  t h e r e f o r e ,  t h e  
r e f l e c t i o n  f u n c t i o n s  of Venus g i v e n  i n  F i g s .  16-18 cannot  be com- 
pared d i r e c t l y .  However, i t  i s  p o s s i b l e  t o  do an a n a l y s i s  of t h e  

- 
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A p r e c i s e  compara t ive  a n a l y s i s  of t h e  r e f l e c t i o n  f u n c t i o n s  ob- 
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Fig. 15. Measured and cal- 
culated dependence of radar 
cross section of Venus on 
wavelength. 

energy distribution between the 
quasi-specular bs and the diffused 
bd components of the echo. For 
convenience in this distribution, 
as was shown in Section 11.2, 
the reflection functions in 
Figs. 16-18 are represented in 
functional form 

An analysis of the results of 
the measurements shows that at a 
wavelength of 70 cm, the diffused 
component is 15% of the full echo 
energy [286 ] .  At a wavelength of 
43 cm, the measured part of the 
reflection function within the 

' J?. dB 

limits 0 < 0 < 50' does not contain 
a component described by the cos20 

rule characteristic of diffused reflection. 
Assuming that the echo is diffused at 
0 > 50°, we obtain: the diffused compo- 
nent is 10% of the full echo energy. How- 
ever, in connection with the lack of 
measurements in this area, this estimate 
is approximate. 

/58 

At a wavelength of 23 cm, the dif- 
fused component is better approximated by 
a cos3/20 dependence; however, with an 
accuracy up to the error of measurement, 
dependences of the form cos26 and cos 6 

i - . - i  are  a l s o  not r u l e d  out. The d i f f u s e d  com- 
L ,  #!2' i:.' ponent, which is determined by integration 

under the straight line lg cos3/20, -i-s 11% !* 1 !I 1,lS 0 

Fig. 16. Reflect- of the full echo energy. 
tion function of 
Venus at a wave- Thus, at wavelengths X > 2 0  cm, where 
length of 23 em. absorption by the atmosphere of Venus has 

little influence on the value and charac- 
ter of the echo, a,o = 0.15 ? 0.03, 
bd = 0.1/0.15 and b, = 0.9 /0 .85 .  With 

this, calculation according to Eq. (11.16) leads to Rs = 0.14 -+ 0.03, 
which corresponds to a permittivity of surface material 8 = 
4.7 2 0.8.  

An experiment similar to radar in determining E from the 
value of the reflection coefficient f o r  radio waves was carried 
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c 2 2 1  by measuring the echo intensity of a 
I radio altimeter. The value E obtained is 
I in good agreement with the results of 
I ground radar measurements. 

riCf,dB 

I 

;1" I t 1 - i 
, d i t +  ll,'llI It,?> / / # ~ / I . / ~ I  &Yi 
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Fig. 17. Reflec- 
tion function of 
Venus at a wave- 
length of 43 cm. 

The radio astronomy method of deter- 
mination of permittivity E is based on 
the dependence on E of the polarization of 
the radio emission of the surface at the 
edge of  the planet's apparent disk. The 
high resolution needed for this was at- 
tained first through interference measure- 
ments of the polarization of Venus' radio 
emission; Kuz'min and Clark made these 
measurements in 1964 [83] .  However, in 
interpreting the results obtained, the 
authors of [83] did not take into account 
the effect of the atmosphere, which r e -  
duced the polarization component of  the 
planetary emission. Therefore E is 
underestimated. 

g 1 0 .  dB Direct measurements of 
--T---r- -7 , I I the Venusian atmospheric 

- parameters, made by Venera 
4-8, allow us to determine 

Venusian atmosphere and to 
interpret the results of 
these measurements nore 
correctly [83]. Taking into 

bon dioxide and water vapor, 
the relative ontent of which 

- the absorption by the 

- 

account absorption by car- /60 

I I 1 1 I I I is fH20 = 10-3, the optical 
I m5 [MI IM,~ LID u j  MI (1.65 am a55 ie5n thickness of the planetary 

1 +I  1 c m O  atmosphere at a wavelength 
Fig. 18. Reflection function of of 10.6 cm is ~ 1 0  6 = 0.15. 
Venus at a wavelength o f  70 em. In this, the best-agreement 

between the experimental 
data [83] and the model cal- 

culated f o r  a smooth sphere corresponds to E = 3.0 k 0.4. Calcu- 
lating the effect of surface roughness gives an additional 
correction A E  = + O . 6 .  

Thus, from the resl;lts of  polarized radio interferometric 
measurements [83] and 1. calculating atmopsheric absorption, the 
permittivity of the plL,3tarv surface is E = 3.6. By taking a 
possible indefinitenes7 in +ne estimate of water vapor content 
6fH20  = +1-10-3, tke e:?or in the determination of E f r o m  these 
measurements i s 6 ~ =  21.0. 
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Good agreement with radar measurement results rules out the 
necessity that water vapor be present in the Venusian lower at- 
mosphere and makes it possible, moreover, to estimate an upper 
bound on water vapor content, as well as on the content of other 
components that absorb radio waves. Such an estimate w i l l  be 
made further on in Section IV.5. 

One could expect that polarized radio astronomy measurements 
at longer wavelengths, where atmospheric absorption is still 
smaller, will give more precise data about E .  Preliminary results 
from recent radio interferometric measurements at a wavelength of 
21 cm [217 ]  show that E < 4.5. However, preliminary processing was 
done without taking the depolarizing effect of surface roughness 
into account. 

The value E: = 4.7 2 0.8 obtained f r o m  radar measurements is 
substantially higher than for the Moon and does not require as- 
sumptions about the presence of porous  or finely crushed rock, as 
occurs on the Moon, to explain it. The value 6 = 4.7 corresponds 
to dry silicate rock of the granite or basalt type or to other 
terrestrial-type dry r o c k .  

Low permittivity decidely rules out Menzel and Whipple's 
hypothesis that the surface of Venus is a continuous ocean. In 
addition, water cannot exist as a liquid at the high surface 
temperature of the planet. 

In principle, several oil-type liquids satisfy the value 
E. = 4.7. However, the hypothesis that the Venusian surface is an /61 
ocean of oil is quite artificial. Furthermore, radar measurements 
have discovered formations on Venus that have high reflectivity 
persisting over several years, and they indicate that the entire 
surface of the planet is not liquid. 

- 

For a solid surface, the results of the determination E make 
it p o s s i b l e  to estimate the d e n s i t y  of surface material of Venus .  
This assessment is based on the empirical dependence of permit- 
tivity E and density p 

obtained by Krotikov [ 7 9 ]  for various dry terrestrial rocks. 
po E 2 . 3  f 0 . 4  g-cm-3 corresponds to the value E. = 4.7 2 0.8; 

this is c l o s e  to the density of terrestrial r o c k s  D Q  = 2-3 g-cm-3. 
This also gives reason to suppose that the surfacL naterial of 
Venus can be similar to dry terrestrial rock surfaces. 

+ 

A much lower density f o r  surface rocks than f o r  the mean 
density of the planet as a whole (5.2 g-cm-3) suggests that Venus, 
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l i k e  t h e  E a r t h ,  p a s s e d  t h r o u g h  a s t a g e  o f  d i f f e r e n t i a t i o n ,  i n  t he  
p r o c e s s  of  which a l i g h t e r  (compared t o  deep s t r a t a )  c r u s t  formed. 

It i s  n e c e s s a r y  t o  keep i n  mind, of c o u r s e ,  t h a t  t h e  v a l u e  E 
o b t a i n e d  from o b s e r v a t i o n s  on E a r t h  i s  ave raged  o v e r  t h e  e n t i r e  
hemisphere  of t h e  p l a n e t ,  whose s u r f a c e  can  be q u i t e  rough.  
f o r e ,  t h i s  d i s c u s s i o n  conce rns  on ly  t h e  mean v a l u e s  of  t h e  d e n s i t y  
o f  Venusian r o c k .  

s c i e n t i f i c  i n s t r u m e n t a t i o n  i n c l u d e d  a gamma-ray s p e c t r o g r a p h ,  t o  
d e t e r m i n e  t h e  chemica l  composi t ion  of  Venusian s u r f a c e  r o c k .  From 
a n  a n a l y s i s  of  gamma-radiat ion s p e c t r a ,  t h e  c o n t e n t  of n a t u r a l  
r a d i o a c t i v e  e l e m e n t s  i n  Venus i  n r o c k  i s :  po ta s s ium 4%, uranium 

The 
error i n  these d e t e r m i n a t i o n s  does  n o t  exceed 30%.  

There-  

A . P .  Vinogradov e t , a l .  [34]  used  the  AIS Venera-8, whose 

2.2*lO-4$, and tho r ium 6.5-10- 8 % ( p e r c e n t a g e s  b y ' w e i g h t ) .  

J u d g i n g  from t h e  c o n t e n t  of t h e s e  e lements  Venusian r o c k  i s  /62 
c l o s e  t o  t h e  a c i d i c  magma r o c k  of  t h e  E a r t h .  
sium t o  uranium c o n t e n t  K/U i s  a l s o  q u i t e  c l o s e  t o  what i s  
c h a r a c t e  i s t i c  f o r  most magmatic r o c k s  on E a r t h  (on  t h e  a v e r a g e ,  

which t h e  E a r t h  and Venus formed ( t h e  f o r m a t i o n  of  c l o u d s  and 
secondary  r o c k s  of  n o n - s o l a r  c o m p o s i t i o n ) .  
c h o n d r i t e s  w i t h  pr imary  s o l a r  compos i t ion  i s  abou t  1 0 5 ,  i . e . ,  a n  
o r d e r  of magnitude h i g h e r  t h a n  f o r  r o c k s  on E a r t h .  

An a n a l y s i s  of  radar  r e f l e c t i o n  f u n c t i o n s  makes it p o s s i b l e  
a l s o  t o  draw s e v e r a l  c o n c l u s i o n s  abou t  t h e  m i c r o r e l i e f  of  t h e  
p l a n e t ' s  s u r f a c e .  The d i f f u s e d  component o f  t h e  echo i n d i c a t e s  
t h e  p r e s e n c e  on t h e  p l a n e t a r y  s u r f a c e  of  r e g i q n s  t h a t  a r e  rough 
f o r  t h e  wavelength  a t  which t h e  measurement i s  b e i n g  made, i . e . ,  
with anomal i e s  o f  less t h a n  seve ra l  c e n t i m e t e r s  i n  t h e  m i c r o r e l i e f .  
The t o t a l  a r e a  of  t h e s e  s e c t i o n s  ad as de te rmined  by t h e  r e l a t i o n  
(11 .17)  i s  abou t  0.05 of  t h e  area of t h e  p l a n e t a r y  a p p a r e n t  d i s k .  

The r a t i o  o f  p o t a s -  

a b o u t  1 0  6 >.  T h i s  a l s o  i n d i c a t e s  a s i m i l a r i t y i n  t he  p r o c e s s e s  by 

The K/  U r a t i o  f o r  

The q u a s i - s p e c u l a r  component o f  t h e  echo i n d i c a t e s  t h a t  on 
t h e  s u r f a c e  t h e r e  a r e  smooth p o r t i o n s ,  l a r g e  compared t o  t h e  wave- 
l e n g t h ,  b u t  i n c l i n e d  r e l a t i v e  t o  t h e  mean s u r f a c e .  The s t a t i s t i -  
c a l  p r o p e r t i e s  of t h i s  s u r f a c e  are c h a r a c t e r i z e d  by t h e  r e l a t i o n s  
(11.8)-(11.13). F i g .  19 g i v e s  t h e  d i s t r i b u t i o n  c u r v e  of t h e  
s l o p e s  of t h e s e  f l a t  segments  i n  r e l a t i o n  t o  t h e  mean s u r f a c e ;  t h i s  
c u r v e  i s  o b t a i n e d  from a r e f l e c t i o n  f u n c t i o n  o f  Venus measured a t  
a wavelength  of  2 3  c m  [294]. T h i s  f i g u r e  a l s o  g i v e s  a d i s t r i b u t i o n  

g i v e s  t h e  d i s t r i b u t i o n  on ly  i n  one o f  t h e  v e r t i c a l  s e c t i o n s .  
r ea l  s l o p e  of any f a c e t  can be g r e a t e r ;  c o n s e q u e n t l y ,  t o  de t e rmine  
t h e  mean s l o p e ,  one should t a k e  an average a l o n g  a l l  v e r t i c a l  
s e c t i o n s ,  i . e . ,  

c u r v e  o f  s l o p e s  on t h e  Moon's s u r f a c e .  However, t h e  cu rve  f ( 0 )  - 1 6 3  
The 
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Fig. 19. Probability 
distributTon for 
slopes of surface f (8) 
of Venus ( A  = 23 cm) 
and the Moon ( A  = 68 cm). 

Key: a. Venus; b. Moon 

Numerical integration of radar 
measurements results at a wavelength 
of 23 cm gives = 8.2'. This value 
may be slightly underestimated, since 
in the region 9 < 2.5', the reflec- 
tion function F(0) has not been 
studied sufficiently. 

For the Moon, 5 = 10.2' was ob- 
tained at this wavelength, i.e., 
Venusian relief is n o t  as rough as 
that of the Moon. 

An analysis of the data of the 
Venus measurements at a wavelength 
of 12.5 cm, done by Carpenter C2331 
for a gaussian correlation function 
on the basis of a similar method 
developed by Daniels [ 2 6 0 ] ,  leads to 
a quadratic mean slope of the re- 
flecting surfaces 0 = 6 . 2 O ,  which 
also indicates considerable smooth- 

ness on the Venusian surface, as compared to the Moon. 

An estimate of the Venusian surface microrelief can be made' 
also by measuring echo depolarization. 

As is well-known, for a circularly polarized echo from a 
smooth sphere, the sense of polarization changes to the reverse. 
Therefore, if the transmitter emits, for example, a signal with a 
right circular polarization, the receiving antenna should receive 
an echo with a left circular polarization. However, a partial 
depolarization of the signal occurs when it is reflected off a 
rough surface. This echo component, which is thus characteristic 
of the roughness of a reflecting surface, can be measured as it 
r e t u r n s  t o  an antenna w i t h  the same polarization as t h e  t r a n s -  
mitting antenna. 

The measurements showed that for Venus the relation of non- 
polarized to polarized reflection is substantially less than for 
the Moon (three times less for an angle of incidence of 6 0 ~ ) .  
This indicates that the surface of Venus scatters radio waves 
considerably less by comparison and that it is smoother on the 
average than the lunar surface. 

111.3. Temperature of the Surface 

8 

Radio astronomy measurements and the direct measurements made 
by Venera-7 and Venera-8 have determined the surface temperature 
of Venus. 
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. Mayer e t  a l .  [416] made t h e  f irst  a t t e m p t  t o  a s c e r t a i n  the 
s u r f a c e  t e m p e r a t u r e  o f  Venus; n e a r  t h e  i n f e r i o r  c o n j u n c t i o n  of 1956, 
t h e y  measured t h e  b r i g h t n e s s  t e m p e r a t u r e  of Venusian r a d i o  emis- 
s i o n  a t  a wavelength of 3.15 cm: 
p l a n e t a r y  atmosphere i s  t r a n s p a r e n t  A t  t h i s  wavelength and the 
r a d i o  e m i s s i o n  r e c e i v e d  i s  t h e  t h e r m a l  e m i s s i o n  from t h e  s u r f a c e ,  
t h e n  t h e  b r i g h t n e s s  t e m p e r a t u r e  o b t a i n e d  leads t o  an  unexpec ted ly  
h igh  s u r f a c e  t e m p e r a t u r e  o f  about  6 O O 0 K ,  more t h a n  t w i c e  as  h igh  
as  t h e  r a d i o m e t r i c  t e m p e r a t u r e  of  235'K t h a t  was measured p r e -  
v i o u s l y  from i n f r a r e d  e m i s s i o n  [450]. 

p a r e n t  a t  3 cm wavelength  range ' ,  t h e  d i f f i c u l t y  of  e x p l a i n i n g  
such  a h i g h  s u r f a c e  t e m p e r a t u r e ,  and a much lower b r i g h t n e s s  tem- 
p e r a t u r e  measured by Kuz'min and Salmonovich [80,  813 and Gibson 
[3lO] a t  a s h o r t e r  wavelength  o f  8 mm a l l  p r o v i d e d  a basis  f o r  a 
d i f f e r e n t  i n t e r p r e t a t i o n  o f  t h e  r a d i o  astronomy measurement r e s u l t s  
o f f e r e d  by J o n e s  [3661. 

I n  accordance  w i t h  t h i s  i n t e r p r e t a t i o n ,  i t  was s u g g e s t e d  t ha t  
t he  t h e r m a l  r a d i o  e m i s s i o n  from t h e  s u r f a c e  of Venus i s  t a k e n  t o  
be  i n  the  m i l l i m e t e r  r a n g e ,  and Mayer e t  a l .  [416] r e c o r d e d  a t  a 
wavelen t h  of 3.15 cm a n  e m i s s i o n  of  t h e  d e n s e  i o n o s p h e r e  o f  Venus 

t he  s u r f a c e .  I n  t h i s  c a s e ,  t h e  s u r f a c e  t e m p e r a t u r e  of Venus i s  
about '400°K.  I n  o r d e r  t o  r e s o l v e  t h i s  a m b i g u i t y ,  a s e r i e s  of  spe- 
c i a l  r a d i o  astronomy measurements was made. I n  1962, K o r o l ' k e v  
e t  a l .  [72], u s i n g  t h e  l a rge  Pulkovskiy  r a d i o  t e l e s c o p e ,  and 
Barath e t  a l . ,  u s i n g  t h e  r a d i o  t e l e s c o p e s  mounted on the  Mariner-2 
s p a c e c r a f t ,  measured t h e  r a d i o  b r i g h t n e s s  d i s t r i b u t i o n  on t h e  
p l a n e t a r y  d i s k  and showed t h a t  a t  wavelengths  3 and 1 . 9  cm Venusian 
r a d i o  e m i s s i o n  o r i g i n a t e s  n o t  i n  t h e  i o n o s p h e r e  but  ra ther  i n  t h e  
a tmosphere  of t he  p l a n e t .  
d i s c o v e r e d  t h e  p o l a r i z a t i o n  o f  Venusian r a d i o  e m i s s i o n  a t  a wave- 
l e n g t h  of 1 0 . 6  cm n e a r  t h e  edges of  t h e  d i s k ,  o b t a i n e d  d i r e c t  
e v i d e n c e  of  s u r f a c e  r a d i o  e m i s s i o n .  T h i s  made i t  p o s s i b l e  t o  
d e t e r m i n e  t h e  p l a n e t ' s  s u r f a c e  t e m p e r a t u r e  T, = 650 2 70'K [841. 

TBO = 560 i 73OK. I f  t h e  

The l a c k  of  e v i d e n c e  t h a t  t h e  Venusian atmosphere i s  t r a n s -  

N e  = 1 0  5 -lolo cm-3, which has a h igher  k i n e t i c  t e m p e r a t u r e  t h a n  

Kuz'min and C l a r k  C831, who i n  1964 

Such a h igh  s u r f a c e  t e m p e r a t u r e  f u n d a m e n t a l l y  changed e x i s t i n g  
n o t i o n s  about  Venus as a t w i n  of E a r t h ,  as a p l a n e t  whose condi-  
t i o n s  were v e r y  similar t o  t h o s e  on Ear th .  S p e c i f i c a l l y ,  i t  i s  

Later  radar measurements of  Venus and  t h e  c a l c u l a t i o n s  f o r  an  a t -  
m o s p h e r k  model o b t a i n e d  on t h e  basis  o f  t he  Venera 4-7 AIS 
measurements showed t h a t  at a wavelength  o f  3 c m ,  t h e  o p t i c a l  
t h i c k n e s s  of t h e  p l a n e t ' s  a tmosphere T 2 1 . 5  [25] ,  i . e . ,  s u r f a c e  
e m i s s i o n  i s  o n l y  a b o u t  20% of a l l  r a d i o  e m i s s i o n  r e c e i v e d  from 
Venus. T h e r e f o r e ,  t h e  b r i g h t n e s s  t e m p e r a t u r e  measured a t  t h i s  
wavelength c h a r a c t e r i z e s  t h e  a t m o s p h e r i c  t e m p e r a t u r e  ra ther  t h a n  
t h e  s u r f a c e  t e m p e r a t u r e .  
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i m p o s s i b l e  f o r  p r o t e i n s  t o  e x i s t  a t  such  a h igh  t e m p e r a t u r e ,  and 
t h i s  exc luded  t h e  ve ry  t empt ing  p o s s i b i l i t y  of l i f e  on Venus, a t  
l e a s t ,  of l i f e  on i t s  s u r f a c e .  

The fundamenta l  impor tance  of t h i s  f i n d i n g  made it n e c e s s a r y  
t o  de t e rmine  t h e  s u r f a c e  t empera tu re  of  Venus i n d e p e n d e n t l y ,  by 
a method i n  which t h e  c o n n e c t i o n  between t h e  measured parameter 
and t h e  t e m p e r a t u r e  would n o t  depend on an  a tmosphe r i c  model of  
t h e  p l a n e t .  The beg inn ing  of a program of d i r e c t  p robes  of  t h e  
Venusian a tmosphere  by t h e  S o v i e t  d e s c e n t  a p p a r a t i  AIS Venera 
opened up t h e  p o s s i b i l i t y  of  making such  measurements.  

The t e m p e r a t u r e  s e n s o r s  on these  s p a c e c r a f t  made it p o s s i b l e  
t o  make measurements w i t h  g r e a t  r e l i a b i l i t y  and h igh  accuracy  o f  
t h e  t e m p e r a t u r e  d i s t r i b u t i o n  o f  t h e  Venusian atmosphere by  a l t i t u d e  
down t o  t h e  p l a n e t a r y  s u r f a c e .  

t h e  s u r f a c e  of t h e  p l a n e t  and thereaf te r  con t inued  t o  measure t h e  
t e m p e r a t u r e  f o r  23  min [loo]. A t  i t s  l a n d i n g  s i t e ,  which was 
l o c a t e d  i n  the  e q u a t o r i a l  r e g i o n  of t h e  Venusian n i g h t  s ide  abou t  
1000  km from t h e  morning t e r m i n a t o r ,  t h e  t e m p e r a t u r e  o f  t h e  near- 
s u r f a c e  atmosphere was 747 + 20°K. 

The AIS d e s c e n t  a p p a r a t u s  Venera-7 made a s o f t  l a n d i n g  on 

With a h igh  g a s  d e n s i t y  and convec t ive  heat t r a n s f e r  n e a r  t h e  
s u r f a c e ,  one can  assume t h a t  there  i s  no marked d i f f e r e n c e  between 
t h e  s u r f a c e  and a tmosphe r i c  t e m p e r a t u r e s .  One c a n ,  t h e r e f o r e ,  -- / 66  
assume t h a t  t h i s  measured t e m p e r a t u r e  
s u r f a c e .  

Taking e r r o r s  i n  measurement and 
i n t o  a c c o u n t ,  t h e  s u r f a c e  t e m p e r a t u r e  
= 7 4 0  & 30°K. 

I n  t h i s  way. t h e  n o t i o n  t h a t  t h e  

a l s o  h o l d s  t r u e  for t h e -  

t h e  d i s c r e t e n e s s  of  t e l e m e t r y  
a t  t h i s  p o i n t  i s  T, = 

p l a n e t  Venus has a ve ry  h o t  
surface has finaily been confirmed, and more accurate data have 
a l l o w e d  u s  t o  move from q u a l i t a t i v e  c o n c e p t i o n s  t o  t h e  development 
o f  q u a n t i t a t i v e  models more s u i t a b l e  t o  the p h y s i c a l  c o n d i t i o n s  on 
t h e  p l a n e t .  I n  p a r t i c u l a r ,  t h e  AIS Venera 4-8 data on t h e  t e m -  
p e r a t u r e  and p r e s s u r e  d i s t r i b u t i o n  and t h e  chemica l  composi t ion  of  
t h e  Venusian atmosphere i n  l o c a l  areas o f  t h e  p l a n e t  made i t  
p o s s i b l e  t o  i n t e r p r e t  more a c c u r a t e l y  t h e  r e s u l t s  of r a d i o  a s t r o n o -  
my measurements,  on t h e  basis  o f  which i n f o r m a t i o n  o b t a i n e d  abou t  
t h e  ave rage  t e m p e r a t u r e  of t h e  e n t i r e  s u r f a c e  of  t h e  p l a n e t  and 
abou t  t h e  p o s s i b l e  d i u r n a l  and l o n g i t u d i n a l  v a r i a t i o n s  i n  t e m p e r a t u r e .  

The l i m i t e d  n a t u r e  of t h e  data measured d i r e c t l y  a t  t h e  
l a n d i n g - s i t e  r eg ion  i n e v i t a b l y  raises the  question o f  how charac- 
t e r i s t i c  these parameters measured i n  t h i s  r e g i o n  are  f o r  t h e  
p l a n e t  as a whole. 
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On Earth, for example, surface temperatures in the Sahara 
and Antarctic differ by about 130°K, and neither one is charac- 
teristic of the Earth as a whole. In principle, then, one may 
expect similar differences, caused primarily by possible dif- 
ferences in elevation, for Venus also. Radio astronomy measure- 
ments made on Earth, measurements i n  which the measured value is 
the mean brightness temperature over the planet's apparent disk, 
make it possible (on the basis of the data the Venera-4-7 obtained 
from direct local measurements) to determine the surface tempera- 
ture averaged over the planet's hemisphere that is visible from 
Earth. Such measurements, if made over an extended period of 
time and in various light conditions on the planet, can ascertain 
diurnal temperature variations from day to night. 

Table 5 gives the results of measurements of the mean bright- 
ness temperature of Venus' dark night side. It includes only - 1 6 7  
measurements3 in which the antenna was calibrated according to a 
standard reference o r  according to reliably measured discrete 
sources; and the resulting error in measurement does not exceed 
15%. An exception is made only for the millimeter range, where, 
in connection with a smaller relative accuracy of measurements, 
measurements accurate to 20% are included. 

Since data about Jupiter's brightness temperature have become 
more accurate (Jupiter is accepted as a reference source in the 
millimeter range), and since data about the flux densities of a 
series of discrete sources C3751 used to calibrate measurements 
in the centimeter range have become more accurate, we have there- 
fore corrected Tg or S to account for that. The corrected values 
of the brightness temperatures are given in the last column of 
Table 5. 

For the convenience of the reader, the table also gives t h e  
original values TB published by the authors (fourth column) and 
the parameters of the reference sources accepted by the observers 
(fifth column) and made more accurate in later measurements [375, 
5481. For Jupiter, the brightness temperature is in Kelvin degrees; 
for the discr te so rces the flux density of radio emission is 
in units 10-2% w-m-Y-Hz-1. 

!? 

A correlation of the results of radio astronomy measurements 
in the 10 cm wavelength range, in which many quite accurate radio 
astronomy measurements have been made, and the assumption that 
Venus' radio emission is basically the emission of its surface, 
showed that at E = 5,  the mean (over the night side of the planet) 

3 One ma, find -ummary tables, which include all radio astronomy 
measurements of' ;.he brightness temperature of Venus, in [86]  and 
C5401. 

48 



ORIGKAL PAGE IS 
OF POOR QUALITY 

8 

TABLE 5. BRIGHTNESS TEMPERATURE AVERAGED OVER 
V E N U S '  APPARENT D I S K  

Observers 

Yefanov e t  a l .  [53, 541 

Ulich, Cogdell, Davis 
TA?%!t, S t r a i t o n  [526] 
Tolber t ,  S t r a i t o n  [ 5 2 6 ]  

Kuz'min, Salonomovich 
V&hihnovskaya e t  a l .  

Yefanov et a l .  [53,  541 
Vetukhnoyska a Kuz 'min, 

Thornton, Welch [525] 
Welch, Thornton [544] 
Tolber t ,  S t r a i t o n  [526] 
G r i f f i n ,  Thornton, Welch 

G r i f f i n ,  Thornton, Welch 

123, 241 

Losovskly {&'] 

[3291 

n ,  Thornton, Welch 
novskayaet a l .  [24 ]  

G r i f f i n ,  Thornton, Welch 
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t e m p e r a t u r e  of t h e  s u r f a c e  of  Venus i s  TS = 7 2 0  t 30°K, i . e . ,  
w i t h i n  t he  a c c u r a c y  o f  measurements e r ro r ,  it a g r e e s  w i t h  t h e  
Venera-7 measurenents .  

Thus, t h e  s u r f a c e  t e m p e r a t u r e  o f  Venus where Venera-7 l a n d e d  
TS = 720 30°K can  be c o n s i d e r e d  c h a r a c t e r i s t i c  o f  t h e  e n t i r e  

dark n i g h t  s ide o f  Venus. 

The f i r s t  i n f o r m a t i o n  about  t h e  s u r f a c e  t e m p e r a t u r e  on t h e  -- / 7 0  
Venusian day s i d e  i s  based on da ta  from r a d i o  astronomy measure- 
ments of t h e  b r i g h t n e s s  t e m p e r a t u r e  o f  Venus n e a r  s u p e r i o r  c o n j u n c t i o n .  
The r e s u l t s  o f  t h e s e  measurements are g i v e n  i n  Table  6 i n  t h e  form of' 
t h e  d i f f e r e n c e  between t h e  mean b r i g h t n e s s  t e m p e r a t u r e s  on t h e  day 
and n i g h t  s ides  o f  t h e  p l a n e t  TBO -- T B ~ .  

I n  t h e  1 0  c n  wavelength  r a n g e ,  t h e  r a d i o  e m i s s i o n  r e c e i v e d  
on E a r t h  o r i g i n a t e s  b a s i c a l l y  on t h e  s u r f a c e  o f  Venus. T h e r e f o r e  
if t h e  d i f f e r e n c e  TBO - T does  n o t  exceed t h e  e r r o r  of measure- 
ments a t  t h i s  w a v e l e n g t h Y B f t  i s  e v i d e n t  t h a t  t h e  s u r f a c e  and n e a r -  /;I' 
s u r f a c e  t e m p e r a t u r e  o f  t h e  atmosphere o f  t h e  p l a n e t ' s  day  s ide  
d i f f e r s  l i t t l e  from t h e  t e m p e r a t u r e  o f  i t s  n i g h t  s ide.  

i n t e r f e r o m e t r i c  rad ioas t ronomy measurements of  Venus a t  wavelength 
11.1 cm [ l rgg] ;  a c c o r d i n g  t o  t h e s e  measurements,  t h e  d i f f e r e n c e  
between t h e  s u r f a c e  t e m p e r a t u r e s  on t h e  day and n i g h t  s ides  o f  
t h e  p l a n e t  i s  1 8  - + 9OK. 

Marov's [971 c a l c u l a t i o n  o f  t h e  heat  regime of  t h e  Venusian 
a tmosphere  showed t h a t ,  i n  c o n n e c t i o n  w i t h  t h e  g r e a t  heat  c o n t e n t  
o f  Venus ' s  dense  a tmosphere ,  t h e  expec ted  t e m p e r a t u r e  change i n  t h e  
n e a r - s u r f a c e  atmosphere from day t o  n i g h t  does  n o t  exceed 1 ° K .  

T h i s  c o n c l u s i o n  is confirmed a l s o  by t h e  r e s u l t s  o f  r e c e n t  

With such a mass ive  atmosphere,  i t  i s  a l s o  d i f f i c u l t  t o  
e x p e c t  s i g n i f i c a n t  t e m p e r a t u r e  changes by l a t i t u d e .  The r a d i o  
astronomy measurements t h a t  S i n c l a i r  e t  a l . [ 5 0 0 ]  made w i t h  a 
r e s o l u t i o n  o f  about  1 1 6  t h e  p l a n e t ' s  diameter i n d i c a t e d  t ha t  t h e  
r e d u c t i o n  i n  t e m p e r a t u r e  from t h e  e q u a t o r  t o  t h e  p o l e s  i s  n o t  
more t h a n  1 2 O K .  

The  f i r s t  d i r e c t  measurements o f  t h e  s u r f a c e  t e m p e r a t u r e  of  
t h e  Venusian d a y  s i d e  ( n e a r  t h e  morning t e r m i n a t o r )  were made by  
t h e  S o v i e t  AIS Venera-8 [103]. 

A t  i t s  l a n d i n g  s i t e ,  t h e  a t m o s p h e r i c  t e m p e r a t u r e  was 740 2 
8 O K ,  which a g r e e s  ( t o  t h e  e r r o r  of measurements)with t h e  tempera- 
t u r e  a t  t h e  AIS Venera-7 l a n d i n g  s i t e  on t h e  p l a n e t ' s  
n i g h t  s i d e .  

The S o v i e t  a u t o m a t i c  i n t e r p l a n e t a r y  s p a c e c r a f t  o f  t h e  Venera 
s e r i e s  ( c f .  Chapter  4 )  have made d i r e c t  measurements of  t h e  
c h e m i c a l  composi t ion  and t h e  a l t i t u d e - t e m p e r a t u r e  and - p r e s s u r e  
p r o f i l e ,  and t h e s e  measurements have e n a b l e d  us  t o  i n t e r p r e t  t h e  
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dependence ( o b t a i n e d  i n  r a d i o  as t ronomy measurements) of t h e  
b r i g h t n e s s  t e m p e r a t u r e  o f  Venus' r a d i o  emiss ion  a t  wavelength 
A .  I n  t h e  r a n g e  o f  wavelengths  from 3 mm t o  2 0  cm ( g i v e n  i n  Table  
51, t he  e x p e r i m e n t a l  v a l u e s  T B ~  w i t h i n  t h e  bounds o f  e r r o r  a g r e e  

+ w i t h  what i s  c a l c u l a t e d  from formula (111.11) f o r  a model o f  Venus 
w i t h  a p e r m i t t i v i t y  o f  t h e  s u r f a c e  E = 4 . 7  and w i t h  an  atmosphere 
o f  97% carbon d i o x i d e  and 0.1% water v a p o r .  T h i s  o b v i a t e s  t h e  
n e c e s s i t y  t o  assume t h a t  t h e r e  a re  any o t h e r  components t h a t  a b s o r b  
UHF r a d i a t i o n  of t h i s  r a n g e  i n  t h e  Venusian a tmosphere .  T h i s  
q u e s t i o n  w i l l  be  examined i n  d e t a i l  i n  S e c t i o n  I V . 5 .  However, 
a t  wavelengths  l o n g e r  t h a n  20  cm, t h e  experiment  showed a s i g n l f i -  /72 
c a n t  r e d u c t i o n  o f  t h e  measured b r i g h t n e s s  t e m p e r a t u r e .  T h i s  
r e d u c t i o n  was n o t  p r e d i c t e d  t h e o r e t i c a l l y  w i t h i n  t h e  framework 
o f  t h e  a c c e p t e d  model. The amount of t h e  r e d u c t i o n  i s  about  
100°K, i . e . ,  two t o  t h r e e  times more t h a n  t h e  e r r o r  of  measurements.  
T h i s  d i s c r e p a n c y  cannot  be e x p l a i n e d  s o l e l y  by t h e  dependence o f  
p e r m i t t i v i t y  E o f  the s u r f a c e  m a t e r i a l  on t h e  wavelength ,  s i n c e  t h e  
v a l u e  needed f o r  agreement  6 = 1 3  i s  much la rger  t h a n  t h a t  
measured i n  t h e  same r a n g e  by t h e  r e f l e c t i v i t y  of  t h e  p l a n e t  E = 5.  
A d d i t i o n a l  a t m o s p h e r i c  a b s o r p t i o n  of  t h e  d e c i m e t e r  r a d i o  e m i s s i o n  
o f  t h e  p l a n e t  would r e d u c e  t h e  r e f l e c t i o n  c o e f f i c i e n t  a l s o ;  t h i s ,  
t o o ,  does n o t  a g r e e  w i t h  t h e  exper iment .  I n  p r i n c i p l e ,  one c o u l d  
o b t a i n  agreement between t h e  c a l c u l a t e d  model and t h e  experiment  
i f  one  assumes a s i m u l t a n e o u s  i n c r e a s e  i n  E and t h e  p r e s e n c e  i n  
t h e  atmosphere o f  a n  a g e n t  t h a t  a b s o r b s  d e c i m e t e r  r a d i o  e m i s s i o n .  
However, t h e  n a t u r e  of such  a n  a b s o r b e r  i s  n o t  c l e a r .  Molecular  
a b s o r p t i o n  and a b s o r p t i o n  by a d i e l e c t r i c  d e c r e a s e  w i t h  wavelength  
and t h e r e f o r e  t h e  p r e s e n c e  o f  such  a n  a g e n t  cannot  be  r e v e a l e d  
a t  s h o r t e r  wavelengths .  Absorp t ion  by t h e  i o n o s p h e r e  h a s  t h e  
r e q u i r e d  q u a l i t a t i v e  dependence;  however , the d e n s i t y  o f  t h e  
Venusian i o n o s p h e r e  i s  s e v e r a l  o r d e r s  l e s s  t h a n  needed f o r  t h e  
e f f e c t  t o  be n o t e d .  T h e r e f o r e ,  Muhleman e t  a1 [434] and Gordon 
e t  a1 C3263 d i d  measurements o f  t h e  b r i g h t n e s s  t e m p e r a t u r e  o f  
Venus a t  wavelengths  o f  4 9 . 4  and 70 cm; t h e  most p r o b a b l e  r e a s o n  
f o r  t h i s  d i s c r e p a n c y  i s ,  i n . t h e i r  o p i n i o n ,  u n d e r e s t i m a t e d  v a l u e s  
f o r  t h e  f l u x  d e n s i t i e s  of t h e  r a d i o  e m i s s i o n  o f  t h e  s o u r c e s  on t h e  
l i s t  of Kellemnan et al.[375], s o u r c e s  used as s t a n d a r d s  i n  measure- 
ments T . T h i s  q u e s t i o n  r e q u i r e s  f u r t h e r  e x p e r i m e n t a l  t e s t i n g .  

B? 

ORIGIKAL PAGE Is 
OF POOR QUALITY! 

52 



CHAPTER I V .  THE STRUCTURE OF THE LOWER ATMOSPHERE 
' I  

I. 

e 

I V . l .  The Parameters of t h e  Atmosphere of Venus According t o  
Measurements made a t  Long Range 

O p t i c a l  and r a d i o  measurements are  a very  e f f e c t i v e  means of L73 
p l a n e t a r y  s t u d y .  The r e s u l t s  o f  o p t i c a l  s t u d y  o f  Venus o v e r  
many years  by t h e  c l a s s i c a l  methods of  o p t i c a l  astronomy has 
produced much v a l u a b l e  i n f o r m a t i o n  about  t h e  p h y s i c a l  and chemica l  
p r o p e r t i e s  o f  t h e  a tmosphere,  even  though t h e y  have n o t  p r o v i d e d  
unambiguous answers  t o  t h e  problem o f  a s s i g n i n g  v a l u e s  t o  
a t m o s p e r i c  p a r a m e t e r s  i n  t h e  r e g i o n  below t h e  c l o u d  t o p s  v i s i b l e  
from E a r t h  and e s p e c i a l l y  a t  t h e  p l a n e t a r y  s u r f a c e .  T h i s  i s  
e x p l a i n e d  b y  t h e  f a c t  t h a t  t h e  u s u a l  d i f f i c u l t i e s  i n  a n a l y z i n g  
long-range measurements,  d i f f i c u l t i e s  connec ted  w i t h  t h e  s o l u t i o n  
o f  t h e  " i n v e r s e "  p r o b l e m , a r e  a g g r a v a t e d  by t h e  e x i s t e n c e  o f  a dense  
c l o u d  layer .  These c l o u d s  have a c o n s i d e r a b l e  e f f e c t  on estimates 
of  t h e  e f f e c t i v e  d e p t h  of  a b s o r p t i o n  l i n e s  and on t h e  p r o c e s s e s  
of r a d i a t i v e  t r a n s f e r ;  and t h e  v a r i o u s  p o s s i b l e  s c a t t e r i n g  
c h a r a c t e r i s t i c s ,  t h e  spec t rum of  p a r t i c l e  s i z e s  and t h e  n a t u r e  o f  
t h e  p a r t i c l e s  a l l o w  a w i d e  v a r i a t i o n  i n  t h e  c h a r a c t e r  o f  r e f l e c t i o n  
from t h e  c l o u d  l a y e r .  Moreover, t h e  v e r y  boundary o f  t h e  c l o u d s  
i s  n o t  c l e a r l y  d e l i n e a t e d .  A s  a r e s u l t ,  a t m o s p h e r i c  p a r a m e t e r s  
a t  t h e  l e v e l  o f  t h e  c l o u d s  can b e  c a l c u l a t e d  w i t h  a n  a c c u r a c y  
up to t h e  i d e a l i z e d  models used f o r  t h e  r e f l e c t i o n  o f  s o l a r  
r a d i a t i o n .  The development of  o p t i c a l  and r a d i o  methods on E a r t h  
h a s  been  a i d e d  i n  r e c e n t  years by improvements i n  o b s e r v a t i o n  
t e c h n i q u e s  and by t h e  added p o s s i b i l i t y  o f  more c o r r e c t  i n t e r -  
p r e t a t i o n  o f  measurement data from t h e  r e s u l t s  o f  e x p e r i m e n t s  done 
on s p a c e c r a f t .  

Our p u r p o s e  h e r e  i s  n o t  t o  g i v e  a s y s t e m a t i c  s u r v e y  o f  t h e  
numerous s t u d i e s  t h a t  on t h e  eve of s p a c e  f l i g h t  c o n t r i b u t e d  t o  
r e a l  p r o g r e s s  i n  t h e  s t u d y  o f  t h e  Venusian atmosphere;  d e t a i l e d  
summaries are c o n t a i n e d  i n  well-known monographs (e .g . [11 ,  6 9 ,  
86 ,  117 ,  1 2 0 ,  1 7 1 ,  1721). W e  w i l l  b e  concerned only b r i e f l y  with 
i n d i v i d u a l  works, t h o s e  t h a t  c o n t a i n  estimates o f  t h e  t e m p e r a t u r e ,  
p r e s s u r e ,  and chemica l  composi t ion  o f  t h e  atmosphere.  Our s e l e c t i o n  
o f  t h e s e  works i n  no way p r e t e n d s  t o  be comprehensive and i n 2  
c e r t a i n  s e n s e  r e f l e c t s  t h e  i n t e r e s t s  o f  t h e  a u t h o r s .  Other  r e s u l t s  
from ground measurements t h a t  are d i r e c t l y  r e l a t ed  t o  t h e  
problem under  d i s c u s s i o n  and t h a t  sometimes de te rmine  i t s  s t a t u s 1  
are  examined i n  l a t e r  s e c t i o n s  o f  t h i s  c h a p t e r  and i n  t h e  r e m a i n i n g  
c h a p t e r s .  

/7'r 

Temperature .  From a c a l c u l a t i o n  of  t h e  the rma l  b a l a n c e  for 
t h e  u n r e f l e c t e d  p b r t i o n  o f  t h e  S u n ' s  r a d i a n t  energy  and r a d i a t i o n  

t A d e t a i l e d  a n a l y s i s  o f  d a t a  from l o n g - d i s t a n c e  measurements can 
b e  found i n  a work by V . I .  Moroz [117]. 
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l o s s e s ,  t h e  e q u i l i b r i u m  t e m p e r a t u r e  o f  a r o t a t i n g  p l a n e t  a t  t h e  
o r b i t  o f  Venus i s  

,DMGIl~AL FA':E L- 
<,DF POOR QUALmr,  (IV.1) 

Here E 
i n t e g r b  s p h e r i c a l  a l b e d o  o f  Venus, a = 0 .723  i s  t h e  a v e r a g e  
d i s t a n c e  of  Venus from t h e  Sun i n  a s t r o n o m i c a l  u n i t s ,  (5 = 
5 . 6 7 . 1 0 - 5 e r g . ~ m - ~ . d e g " 4  i s  t h e  Stefan-Boltzmann c o n s t a n t .  

and t h e  mean v a l u e  of  T, = 228OK. The i n i t i a l  r e s u l t s  o f  t h e  
t e m p e r a t u r e  measurements i n  t h e  8-14 window, made as e a r l y  as 
1924  by P e t t i t  and Nicholson C4.501, TB = 24OoK, i s  i n  good 
agreement  w i t h  t h i s  e s t i m a t e .  S i n t o n  and S t r o n g  e s s e n t i a l l y  
conf i rmed t h i s  v a l u e ,  h a v i n g  o b t a i n e d  T = 223 + l O o K  i n  t h e  
c e n t e r  o f  t h e  d i s k .  
t o  t h e  s p e c t r a l  r e g i o n  o f  thermal  e m i s s i o n  and must refer to t h e  
l e v e l  where t h e  e m i t t i n g  l a y e r  o f  t h e  gas  becomes o p t i c a l l y  t h i c k  
(T 2 1). C o l o r  t e m p e r a t u r e s  i n  t h e  3-14 vrnregion do n o t  d i f f e r  
practically from t h e  b r i g h t n e s s  t e m p e r a t u r e ,  which  indicates a 
medium c o n t a i n i n g  a e r o s o l .  T h i s  f a c t ,  as w e l l  as  es t imates  o f  
t h e  e f f e c t i v e n e s s  o f  t h e  e m i s s i o n  i n  ex t remely  weak ( " h o t " )  C O  /75 2 -  a b s o r p t i o n  bands a t  A = 9.4 and 1 0 . 4  urngive r e a s o n  t o  t h i n k  
t h a t  t h e  b r i g h t n e s s  t e m p e r a t u r e  i s  formed n e a r  the l e v e l  o f  t h e  
c l o u d s .  

= 1 . 3 7 - 1 0  6 erg.cm-2*sec-1 i s  t h e  s o l a r  c o n s t a n t ,  A i s  t h e  

From I r v i n e ' s  [354] p h o t o m e t r i c  measurements,  A = 0 . 7 7  + 0 . 0 7  

The measured b r i g h F n e s s  t e m p e r a t u r e s  c o r r e s p o n d  

The r e s u l t s  o f  ground-based o b s e r v a t i o n s  and Mariner-2 da ta  
n o t e d  a d a r k e n i n g  toward t h e  edge of  t h e  d i s k  i n  t h e  i n f r a r e d  
r e g i o n  [242, 435, 459,  5023; t h i s  can  b e  r e p r e s e n t e d  i n  s i m p l e  
a n a l y t i c  form: 

(IV.2) 

where I ~ ( p 0 )  i s  t h e  s p e c t r a l  i n t e n s i t y  i n  t h e  c o r r e s p o n d i n g  r e g i o n  
of  t h e  spec t rum,  0 = a r c c o s  (11,) i s  t h e  a n g l e  between t h e  normal  
t o  t h e  s u r f a c e  and t h e  l i n e  o f  s i g h t ,  and a i s  e s s e n t i a l l y  a '  
p o s i t i v e  number w i t h i n  t h e  l i m i t s  0 5 01 1. The r e l a t i o n  (IV.2) 
c h a r a c t e r i z e s  t h e  usual dependence of t h e  v e c t o r  o f  s p e c i f i c  
i n t e n s i t y  o f  t h e  o u t g o i n g  r a d i a t i o n  on 0 and h o l d s  t r u e  f o r  a wide 
r a n g e  o f  a n g l e s  a t  01 = 0 .50  - t 0.05 2 .  To approximate t h e  

From t h e  r e s u l t s  o f  t h e  r e c e n t  Mar iner  1 0  r a d i o m e t r i c  measurements z 

a t  A = 45 UrnChase e t  a1 [572] found t h a t  t h e  d a r k e n i n g  toward t h e  
edge ( w i t h i n  0 < 65O) i s  w e l l  d e s c r i b  d y t h e  r e l a t i o n  ( I V . 2 )  a t  

p e r a t u r e  f o r  
a = 0.16 ,  i . e . ,  (PO> = 14 (1.0) ~l~." .  5 

e m i s s i o n  7po = 1) i s  TB = 2 5 5  - + 4 O K .  

The b r i g h t n e s s  t e m -  
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o b s e r v a t i o n s ,  o t h e r  f u n c t i o n s  a re  a l s o  assumed; of t h e s e ,  t h e  
e x p o n e n t i a l  form g i v e s  a good approximat ion  C2421. 

The i n f r a r e d  b r i g h t n e s s  t e m p e r a t u r e  o f  Venus does  n o t  r e v e a l  
any marked dependence on t h e  phases ,  and t h e  i n f r a r e d  s e c t i o n  
a l o n g  t h e  v i s i b l e  e q u a t o r  of  t h e  p l a n e t  c o n s e q u e n t l y  s h o u l d  
c o r r e s p o n d  t o  a t r u e  d a r k e n i n g  toward t h e  edge. An a v e r a g e  o v e r  
t h e  d i s k  g i v e s  TB = 2 2 0  + 1O0K. 
i n  t h e  8 - 1 4  u m  r a n g e ,  f iurray e t  a1 [435, 5453 came t o  t h e  conclu-  
s i o n  that d i u r n a l  t e m p e r a t u r e  v a r i a t i o n  i s  p r a c t i c a l l y  a b s e n t .  
F i g .  20  shows t h e  i s o p h o t e s  o f  t h e  p l a n e t a r y  d i s k  ( w i t h  a r e s o l u -  
t i o n  o f  a b o u t  1 / 3 0  of t h e  d i s k  n e a r  the  s u b t e r r e s t r i a l  p o i n t 3 ) ;  
these were o b t a i n e d  on f o u r  s u c c e s s i v e  n i g h t s ,  December 1 4  - 1 7 ,  
1 9 6 2 ,  and t h e n  c o n s t r u c t e d  by t h e  a u t h o r s .  These measurements 
g i v e  a two-dimensional p i c t u r e  o f  Venus's i n f r a r e d  r a d i a t i o n .  
It i s  wor thwhi le  t o  n o t e  t h e  g e n e r a l  d e c r e a s e  i n  b r i g h t n e s s  from 
c e n t e r  t o  edge,  which c o r r e s p o n d s  t o  t h e  approximated form ( I V . 2 )  /76  
and t h e  symmetry o f  t h e  c o n t o u r s  r e l a t i v e  t o  a d i a m e t e r  l y i n g  
i n  Venus ' s  o r b i t a l  p l a n e .  The l a t t e r  i s  a p p a r e n t l y  connec ted  
w i t h  a c t u a l  t e m p e r a t u r e  v a r i a t i o n s  on t h e  l e v e l  o f  t h e  e m i t t i n g  
l a y e r  i n  a l a t i t u d i n a l  d i r e c t i o n ,  i . e . ,  w i t h  c o o l i n g  i n  t h e  d i r e c t i o n  
toward t h e  p o l e s .  A c t u a l l y ,  f o r  a p l a n e t  w i t h  a slow i n h e r e n t  
r o t a t i o n  and a large p e r i o d  o f  thermal r e l a x a t i o n  ( c f  .Sec. V.21,the ___ /77 
l a t i t u d i n a l  e f f e c t  s h o u l d  be c o n s i d e r a b l y  l e s s  pronounced t h a n  t h e  
d i u r n a l  temperature v a r i a t i o n s .  If  t h e  d i f f e r e n t i a l  a c c u r a c y  o f  t h e  
d e t e r m i n a t i o n  of  t h e  b r i g h t n e s s  t e m p e r a t u r e  ( =  1 / 3 O K )  i s  k e p t  i n  
mind, t h e n ,  on t h e  b a s i s  of  these measurements,  even a small  
( w i t h i n  5 - 10'K) e x c e s s  i n  t h e  n i g h t  t e m p e r a t u r e  o v e r  t h e  day  
t e m p e r a t u r e  a t  t h e  l e v e l  of  t h e  e m i t t i n g  layer n e a r  t h e  morning 
t e r m i n a t o r  i s  r e v e a l e d .  

From t h e  r e s u l t s  o f  measurements 

-- 

Measurements of t h e  r o t a t i o n a l  and v i b r a t i o n a l  t e m p e r a t u r e s  
tha t  c o r r e s p o n d  t o  t h e  s p e c t r a l  r e g i o n  o f  t h e  echo have,  u n t i l  
v e r y  recently, l e d  to values  s u b s t a n t i a l l y  d i f f e r e n t  from t h e  
p l a n e t ' s  i n f r a r e d  b r i g h t n e s s  t e m p e r a t u r e .  
d i s t r i b u t i o n  from t h e  energy l e v e l s  n e a r  t h e  r o t a t i o n a l - o s c i l l a t o r y  
CO bands i n  t h e  r e g i o n  A = 0 . 8  urn, Chamberlain and Kuiper  E2361 
eszimated t h e  r o t a t i o n a l  t e m p e r a t u r e  T = 285 5 9 O K .  By 
a n a l y z i n g  these same p h o t o g r a p h i c  p l a t @  t o g e t h e r  w i t h  Venusian 
s p e c t r a  o b t a i n e d  a t  t h e  Mount Wilson O b s e r v a t o r y ,  S p i n r a d  E5091 
found,  however, t h a t  t h e  r o t a t i o n a l  t e m p e r a t u r e  v a r i e s  between 
250 - 4 4 0 O ~  f rom p la te  t o  p l a t e ,  i . e . ,  from d a y  t o  day. I n  t h e  
p r o c e s s  a c o r r e l a t i o n  was found w i t h  p r e s s u r e  (up  t o  P = 6 atm) as 
de termined  from t h e  e q u i v a l e n t  w i d t h  o f  t h e  s p e c t r a l  l i n e s .  If 
t h e  p r e s e n c e  of breaks ( t h a t  l ead  t o  a change i n  t h e  e f f e c t i v e  
dep th  of  band f o r m a t i o n )  i n  t h e  c l o u d s  i s  assumed, t h i s  v a r i a t i o n  

By a n a l y z i n g  i n t e n s i t y  

'This we s h a l l  c a l l  t h e  p o i n t  a t  t h e  c e n t e r  of  t h e  p l a n e t ' s  v i s i b l e  
d i s k ,  i f  t h e  d i s k  i s  f r e e d  of t h e  phase e f f e c t .  If radar 
measurements are  made on ground a n t e n n a s ,  t h i s  p o i n t  c o i n c i d e s  
w i t h  the  s u b r a d a r  p o i n t  d i s c u s s e d  i n  C h a p t e r s  I1 - 111. 
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Fig. 20. Isophotes of the disk of Venus according to 
observations made December 1 3  - 14, 1962, i n  the 8 - 
14 pm spectral region. The line of the terminator 
and the direction to the Sun are shown. The values of 
brightness temperatures are systematically under- 
estimated by 7 - 28'K because of telescope losses. 

in recorded temperatures can be explained. In this case, it had 
to be assumed that the value of the optical path for reflected 
solar radiation fluctuates more than on a scale height. Chamberlain 
C238 ,  2 4 0 1  and Chamberlain and Smith [ 2 4 1 ]  did corresponding 
theoretical calculations based on computed variations of the, 
equivalent widths of the absorption lines in the bands 8689 A and 
1 . 6  pm. The resulting estimates of rotational temperature essen- 
tially depend on the model of reflection used, chiefly on a 
consideration of the effects of multiple scattering within the 
clouds. For a simple reflecting model, the value of he 
temperature determined from the weak band at 
T,, = 317 2 1O0K, and with scattering included, T,, = 291 - + 1O0K. 

Schorn et a l . [ 3 2 8 ,  486, 4871 used a quadratic function for 
the growth curve and the more accurate intensities of the rota- 
tional lines measured by Spinrad and found that Tpo = 285 t 46OK. 
Young and Schorn recently obtained a still lower rotationai 
temperature f r o r  an analysis of the weak bands at A X  7810 and 

A = 8689 was 

/78 

0 

i 
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7884 8 in the Venusian spectrum, bands measured in a wide range of 
phase angles during 1968 - 1969: T = 244 t 3 O K  C551, 5521. 
Despite the very high accuracy of FRis estimate, it is also 
noteworthy that, by contrast to existing notions, the authors did 
not discover a marked temperature dependence on the phase and 
time of the observations. This finding is confirmed by measure- 
ments in the 86898 band, which lead to a value Tro = 238 5 1 ° K ,  
if the spreading effect of C02 lines within the band is not taken 
into account, and Tro = 246 + 1°K if this effect is taken into 
account. No appreciable temperature variations were discovered 
f o r  this band alsg. Thus, although the location of the effective 
level of line formation in the spectrum of reflected radiation 
of Venus remains ultimately undetermined, nonetheless, there is 
serious reason to think that it does not differ strongly (within 
several kilometers) from the level of the planet's own emission. 
Apparently, both levels must be located below the cloud boundary 
visible from Earth. 

Pressure. The results of spectroscopic observations and the 
use of growth curves for saturated and unsaturated lines have 
yielded an effective value of atmospheric pressure at the cloud 
level: Pc = 0.1/0.2 atm [236]. 

'have also been reported [509, 5113; for these pressures, as has 
already been noted, a satisfactory correlation with rotational 
temperatures has been found. 

Pressures of several atmospheres 

The other independent source of information about pressure, 
i.e., a source based on measurements in the visible region of the 
spectrum, are polarization observations. Dollfus E2751 observed 
a difference in polarization in the red and green regions of the 
spectrum and interpreted this difference as the result of molecular 
scattering in the atmosphere at a depth of 800 m above the 
cloud tops. The corresponding pressure at the boundary of the 
cloud layer turned out $0  be 9 0  mbar, which is close to spectro- 
scopic estimates. Sagan and Pollack [584] used the results o f  
polarization measurements of Gehrels and Samuelson [ 3 0 9 ] ,  Coffeen / 7 3  
[ 2 4 7 ] ,  and Coffeen and Gehrels [ 2 4 8 ]  to do a m o r e  detailed study 
of pressure near the observed clouds. At a phase angle of 90' 
they obtained a value for pressure P e 1 3 0  mbar (for the 0.56 - 
0.99 pm region) and P f! 35 mbar (for the 0.36 - 0.99 pm region). 
These estimates are in satisfactory agreement with each other, if 
it is kept in mind that they refer to levels where the optical 
thickness in scattering f o r  C02 in corresponding spectral inter- 
vals is T = 1. 

-- 

Before the beginning of space flights, estimates of atmospheric 
pressure at the surface fluctuated within v e r y  wide bounds. The 
status of the problem is illustrated by Fig. 21, which is borrowed 
from 12683, which itself presents ranges of expec ted  values P 
from estimates by various authors during the period 1960 - 1987.  
As we see, the miniwm value is about 3 atm and the maximum 1000 
atm. This uncertainty is connected primarily with the fact that Lfil 

57 



t h e  c o n t e n t s  of  the  gaseous  c o n s t i t u e n t s  t h a t  a b s o r b  i n  t h e  
in f ra red ,  mi l l imeter  and c e n t i m e t e r  r e g i o n s  were n o t  known. 
S p e c i f i c a l l y ,  t h i s  d i d  n o t  a l l o w  us t o  t a k e  advan tage  o f  t h e  
e x p e r i m e n t a l  dependence o f  t h e  b r i g h t n e s s  t e m p e r a t u r e  on 
wavelength .  It was e v i d e n t  t h a t  on ly  a d i r e c t  exper iment  i n  
t h e  p l a n e t ' s  a tmosphere  below t h e  c loud  l e v e l  cou ld  y i e l d  a n  
unambiguous answer  t o  t h e  q u e s t i o n  of p r e s s u r e  on t h e  s u r f a c e  
cf Venus. 

ORIGINAL PAGE 18 
OF POOR QUALITY 

i :  atm 
' 

j !  

'I L 

. .  

Fig. 2 1 .  Va lues  f o r  t h e  
a t m o s p h e r i c  p r e s s u r e  o f  Venus 
a t  t h e  s u r f a c e  a c c o r d i n g  t o  
v a r i o u s  a u t h o r s ,  1960 - 1968 
[268] .  Authors  and dates  of  
estimations o f  pressure on 
Venus: J anua ry  1 9 6 1  - Bar re t t  
[195] ;  September  1961 - Opik 
[ 4 4 0 ] ;  September  1962 - Sagan 
[478] ;  March 1963  - Plass and 
S t u l l  [ 4 5 2 ] ;  J u l y  1963 - O s t r i k e r  
[ 4 4 1 ] ;  October  1963 - Cameron 
[229];  J u l y  1964 - Delrmendj ian  
[266] ;  J u l y  1964 - Barre t t  and 
S t a e l i n  [197];  February  1965 - 
P o l l a c k  and Sagan [458];  April 
1966 - S t a e l i n  and Barrett  [5131; 
November 1966  - Ho, Kaufman, 
Thaddeus C3461. 

Chemical compos i t ion .  
BY o b s e r v i n g  a b s o r p t i o n  bands - 
i n  t h e  n e a r  i n f r a r e d  r e g i o n  
o f  t h e  spec t rum,  Adams and 
Dunham [177] i n  1932  f i r s t  
d i s c o v e r e d  t h e  p r e s e n c e  of carbon 
d i o x i d e  i n  t h e  a tmosphere  of  
Venus. A s  i s  well-known, t h e  
i n t e n s i t y  of  a b s o r p t i o n  bands 
i n d i c a t e s  t h e  o v e r a l l  gaseous  
c o n t e n t  above t h e  c l o u d s ,  w h i l e  
t h e  w i d t h  of  i n d i v i d u a l  l i n e s  
w i t h i n  t h e  band i s  a measure of  
t h e o v e r a l l  pressure a t  this 
l e v e l .  U n t i l  r e c e n t l y ,  r e l e v a n t  
a n a l y s i s  l e d  t o  t h e  c o n c l u s i o n  
tha t  a l t h o u g h  t h e  t o t a l  C02 
c o n t e n t  i s  abou t  3000 t i m e s  
g r e a t e r  t h a n  i n  t h e  E a r t h ' s  
a tmosphere ,  i t  i s  n o n e t h e l e s s  
a r e l a t i v e l y  small component 
i n  t h e  Venusian a tmosphere  
[115, 371, 3881. I n  1967,  
however, B e l t o n ,  Hunten and 
Goody C2151, i n  i n t e r p r e t i n g  
t h e  new, h i g h - q u a l i t y  s p e c t r a  
of Venus t h e y  had o b t a i n e d ,  
t ook  i n t o  c o n s i d e r a t i o n  t h e  
e f f e c t  o f  m u l t i p l e  s c a t t e r i n g  
of s o l a r  r a d i a t i o n  by  p a r t i c l e s  
w i t h i n  t h e  c l o u d s .  It was shown 
t h a t  s i n c e  t h i s  e f f e c t  
s u b s t a n t i a l l y  changes  t h e  
wid th  and i n t e n s i t y  o f  C02 
a b s o r p t i o n  l i n e s ,  p r e v i o u s  
estimates of  C02 c o n t e n t  had 
been g r e a t l y  u n d e r e s t i m a t e d .  
Moroz [llG] a l s o  p o i n t e d  o u t  
t h e  p o s s i b i l i t y  o f  a h i g h  

~ 

C02 c o n t e n t .  Connes e t  a1 
[ 2 5 2 ,  2531 and G r a y  and Schorn 

[ 3 2 7 ,  3281 came t o  a s imilar  c o n c l u s i o n  on t h e  b a s i s  o f  h igh-  
r e s o l u t i o n  ( u p  t o  1 0 5  n e a r  1 p m ) s p e c t r a l  a n a l y s e s .  N e v e r t h e l e s s ,  
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u n t i l  Venera-4 made d i r e c t  measurements,  i t  was assumed t h a t  
n i t r o g e n ,  which i s  w i d e l y  d i s t r i b u t e d  i n  t h e  s o l a r  s y s t e m  and 
which i s  chemica l ly  compara t ive ly  i n e r t ,  was t h e  main component 
o f  t h e  p l a n e t a r y  atmosphere.  

Fig.  22 .  Venusian spec t rum o b t a i n e d  by Kui e r  e t  a1 from a 

Moon's echo i s  g iven  for comparison,  as w e l l  as t h e  r e s u l t i n g  
r a t i o  

h i g h - a l t i t u d e  a i r p l a n e ;  r e s o l u t i o n  = 2 0  cm' P . A spec t rum o f  t h e  

The s p e c t r o s c o p i c  upper  l i m i t  f o r  H 0 above t h e  c l o u d s  was 
estimated t o  have a r e l a t i v e  value on tge  o r d e r  o f  10-4-10-5 
c 2 1 1 ,  391, 5101, which i s  abou t  t h e  same as t h e  water vapor  
c o n t e n t  above t h e  c l o u d s  i n  t h e  E a r t h ' s  a tmosphere .  Connes 
and o t h e r s ?  h igh  r e s o l u t i o n  s p e c t r a  i n  t h e  n e a r - i n f r a r e d  r e g i o n  /02 
a l lowed  them t o  conf i rm what S i n t o n  C5021 and Moroz [114] 
had d i s c o v e r e d  p r e v i o u s l y  -- t h e  p r e s e n c e  o f  ca rbon  monoxide C O  
i n  a r e l a t i v e  c o n c e n t r a t i o n  o f  = 10-5 and t o  d i s c o v e r  hydrogen 
c h l o r i d e  HC1 and hydrogen f l u o r i d e  HF i n  r e l a t i v e  c o n c e n t r a t i o n s  
of 6010-7  and 5.10-8 r e s p e c t i v e l y  [ 2 5 2 ,  2531. 
example o f  a spec t rum of Venus t h a t  Kuiper  e t  a1  o b t a i n e d  by 
u s i n g  t h e  measurements o f  a F o u r i e r  s p e c t r o m e t e r  from a 
h i g h - a l t i t u d e  a i r p l a n e  [391-3931. It c l e a r l y  d e l i n e a t e s  t h e  

F ig .  2 2  g i v e s  an  
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absorption lines that correspond to these characteristic 
components of the Venusian atmosphere. 

IV.2. The Venera Automatic Interplanetary Stations (AIS'S) 

The conditions f o r  conducting the experiments. Design. The 
flight trajectories of the Venera-4, Venera-5, Venera-6 and 
Venera-7 automatic stations were chosen so as to study,at 
large angles of entry, the planetary atmosphere on the night side 
near the equatorial plane. Venera-8 was the first to take 
measurements on the day side of Venus. Table 7 summarizes the 
basic data about the flights. It also includes data on the 
Mariner-5 flight. Fig. 23 shows part of the Venusian disk in 
Mercator projection and marks the areas where the Venera stations 
descended. The circles indicate the locations of the subterrestrial 
points, and the stippled lines indicate the locations of'the 
morning terminator at the same times. a. and 6 are the regions 
of high radar reflectivity; the zero meridian (cf. Chapter 11) 
coincides with the direction toward Earth at inferior conjunction. 
As is evident from Fig. 23, all the stations descended near the 
morning t e r m i n a t o r .  I f  as t ime units for Venus we use, b y  
analogy with Earth, the time between two successive solar 
culminations at a given point as a "Venusian solar d a y , "  and 
the time the Sun moves 15 degrees in longitude as an "hour." 
when the Veneras-4 to 7 landed near 4:OO or 5 : O O  in the morning 
and! the Venera-8 about 6-7 in the morning. The region in which 
the Venera-4 descended was about 1600 km to the n o r t h ,  Venera-7 
about 1100 km to the west, and the Venera-5 and Venera-6 near 
the subterrestrial points. Venera-8 descended about 3800 km 
southwest of the subterrestrial point. 

The design for all the Venera stations was about the same. 
Fig. 24 shows a general  view of one of  t h e  Venera stations and 
designates its basic elements and systems [ 2 2 ] .  The upper part 
of the station (Fig. 24, at left) is an "orbital" module, which 
delivers the descent apparatus (DA) to the planet. It has a 
system of correction jets,and on the sides are a highly directive 
antenna, an astro-orientation sensor with a protective shield 
and solar battery panels. Also visible are the automatic 
pneumatic system units with compressed nitrogen bottle,collectors, 
and control nozzles, a radiator cooler, and a continuous solar 
orientation sensor. Fig. 25 shows a photograph of one of the 
Venera stations taken in an assembly shop. 

After an analysis of the flight of Venera-4, several changes /85 
were made in the design of Venera-5 and Venera-6. The most 
significant changes were made in the descent apparati of the 
Venera-7 and Venera-8 stations. By taking into account the resuits 
of previous measurements and the limiting estimates of the 
atmospheric parameters at the surface in accord with a calculated 
model, the descent apparati were designed in such a way as to 

i 

60 



&RIGI?\.lL l'.IGE endure  t h e  t e m p e r a t u r e  and p r e s s u r e  
. F POOR QUALITY of t h e  s u r r o u n d i n g  medium up 

v e l y  ( f o r  Venera-8 t h e  upper  
p r e s s u r e  l i m i t  was lowered t o  

12-15-70 1 2 0  atm). Because a s p e c i a l  r--l h e a t - r e s i s t a n t  c o v e r  w i t h  t h e  
n e c e s s a r y  i n s u l a t i n g  and 

@ I  shock-absorbing p r o p e r t i e s  was 
* 1 s t r e n g t h e n e d  and c o n s t r u c t e d ,  t h e  

* t o  8 0 O O K  and 180  a t m  r e s p e c t i -  

- l - - - - - m 7  -'I ----*_ 

9 '  

''It 7'1 Lq !q i 
I Venera-7 and Venera-8 DAIS 

1 I v/41 3 v 4  
- -- fr =--- ~ - - -- 

~ ~ y* vfi were about  1 0 0  kg h e a v i e r ,  even  
though t h e  o v e r a l l  weight o f  t h e  
s t a t i o n s  was t h e  same as b e f o r e  

improvements i n  Venera-8 a l lowed 
4 l /  I /  i i l  ,w f';! !w, a s i g n i f i c a n t  expans ion  o f  t h e  

program o f  s c i e n t i f i c  measure- 
ments made i n  t h e  atmosphere and 

F ig .  23.  The n e a r - e q u a t o r i a l  on t h e  s u r f a c e  of  t h e  p l a n e t .  
p a r t  of t h e  Venusian d i s k  i n  
Mercator p r o j e c t i o n .  The The s e p a r a t i o n  o f  t he  
p o s i t i o n  o f  t h e  z e r o  m e r i d i a n  d e s c e n t  a p p a r a t u s  from t h e  
c o r r e s p o n d s  w i t h  t h e  d i r e c t i o n  o r b i t a l  module was performed 
t o  E a r t h  a t  i n f e r i o r  conjunction. a b o u t  2 0 , 0 0 0  t o  40 ,000  km from 
1 i s  t h e  l o c a t i o n  o f  t h e  morning Venus, and aerodynamic brak ing  
t e r m i n a t o r  on a g i v e n  da t e ;  2 i n  t h e  atmosphere began a t  a 
a re  t h e  Venera l a n d i n g  s i t e s ;  3 v e l o c i t y  o f  about  1 1 . 2  km/sec'l 
i s  the  l o c a t i o n s  of t h e  sub-  a t  a n g l e s  o f  a b o u t  50-70' t o  t h e  
t e r r e s t r i a l  p o i n t s ;  t h e  c r o s s e d  l o c a l  h o r i z o n .  The p a r a c h u t e s  
c i r c l e  and  t h e  d o t t e d  c i r c l e  a r e  opened when t h e  v e l o c i t y  o f  t h e  
t h e  areas where t h e  Mariner  5 a p p a r a t u s  s lowed t o  about  
s p a c e c r a f t  made a tmospher ic  210 m e s e c - 1 ,  which cor responded 
p r o b e s  on immersion and ernersion. t o  a p r e s s u r e  o f  a b o u t  P = 0.6 a t m  

f o r  t h e  s u r r o u n d i n g  atmosphere.  

!' I /  * '  
I ,  " , f  ( a b o u t  1180 k g ) .  The d e s i g n  

(;> 1 j 1 1  PJ 
- < L  - 1- -1 

/86 - 

F i g .  26.  shows t h e  d e s c e n t  a p p a r a t u s  of t he  Venera-8 s t a t i o n .  
It has a s l i g h t l y  oblong shape and c o n t a i n s  a sealed,  s p h e r i c a l  
c o n t a i n e r  on t h e  i n s i d e ;  t h i s  l a t t e r  h o l d s  t h e  i n s t r u m e n t a t i o n ,  
which c o n s i s t s  of  a r a d i o t e l e m e t r y  s y s t e m ;  i n s t r u m e n t s  f o r  measur ing  
a t m o s p h e r i c  and s u r f a c e  p a r a m e t e r s ;  c o n t r o l  and h e a t - r e g u l a t i o n  
u n i t s ;  and power-sources.  On t h e  o u t s i d e  t h e  DA i s  c o v e r e d  w i t h  
a h e a t - r e s i s t a n t  s h i e l d ,  as w e l l  as i n s u l a t i o n  which p r o t e c t s  it 
from aerodynamic h e a t i n g  upon e n t r y  i n t o  t h e  atmosphere,  d u r i n g  /87 
p a r a c h u t e  d e s c e n t ,  and while on t h e  s u r f a c e .  Heat s torage cells 
are  i n s t a l l e d  on t h e  i n n e r  s ide  o f  t h e  h u l l .  I n  t h e  upper  pa r t  of 
t h e  a p p a r a t u s ,  under  a r e l e a s e  c o v e r  i s  t h e  p a r a c h u t e  c o n t a i n e r .  
A single-stage p a r a c h u t e  system with a release p a r a c h u t e  i s  used .  
The h e a t - r e s i s t a n t  f a b r i c  of t h e  main p a r a c h u t e  n u s t  w i t h s t a n d  
t e m p e r a t u r e s  up t o  8 0 0 ~ ~ .  
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F i g .  2 4 .  The a u t o m a t i c  i n t e r -  
p l a n e t a r y  s t a t i o n  Venera-8. 
1 -- s e n s o r s  of  t h e  a s t r o -  
o r i e n t a t i o n  system; 2 -- i n s t r u -  
ment module; 3 -- c o r r e c t i o n  j e t ;  
4 -- h i g h l y  d i r e c t i v e  p a r a b o l i c  
a n t e n n a ;  5 -- p o o r l y - d i r e c t i v e  
a n t e n n a ;  6 -- d e s c e n t  a p p a r a t u s ;  
7 -- s o l a r  b a t t e r y  p a n e l s .  

F i g .  2 5 .  AIS Venera i n  a n  asseKbly 
shop.  

r e s u l t s  of t h e  Venera-4 
f l i g h t  t h a t  i t  was 
a d v i s a b l e  t o  s h o r t e n  
t h e  t ime of d e s c e n t  i n  
t h e  dense  Venusian 
atmosphere;  i n  o r d e r  t o  
accompl ish  t h i s ,  t h e  
canopy area o f  t h e  para- 
c h u t e  was d e c r e a s e d  by 
about  an  o r d e r  of  
magni tude.  O f  s p e c i a l  
s i g n i f i c a n c e  f o r  a n  
a p p a r a t u s  t h a t  makes a 
l a n d i n g  i s  t h e  time of 
d e s c e n t  and t h e  problem 
of  m a i n t a i n i n g  a f a v o r a b l e  
t h e r m a l  regime i n  t h e  
i n s t r u m e n t  c o n t a i n e r  
r i g h t  down t o  t h e  s u r f a c e  
i t s e l f .  How much heat 
p e n e t r a t e s  i n s i d e  depends 
on t h e  t i m e  t h e  a p p a r a t u s  
i s  i n  t h e  a tmosphere ,  
inasmuch as h e a t  a b s o r p t i o n  
o c c u r s  o n l y  due t o  t h e  
i n h e r e n t  h e a t  c a p a c i t y  
of t h e  c o n t a i n e r  and t h e  
i n s t r u m e n t a t i o n  i n s i d e  
i t .  I n  t h i s  r e g a r d ,  
(for t h e  Venera-7 and 
Venera-8 s t a t i o n s ) ,  a 
p a r a c h u t e  s y s t e m  with a 
r i f f l i n g  was chosen  s o  
as  t o  p a s s  more q u i c k l y  
t h r o u g h  t h e  i n i t i a l  p a r t  
o f  t h e  d e s c e n t  i n  t h e  
a tmosphere .  

The c o n s t r u c t i o n  of  
a l a n d e r  r e q u i r e d  
s o l u t i o n s  t o  a number o f  
complex s c i e n t i f i c  and 
t e c h n i c a l  problems as 
w e l l  as t h e  performance 
of a g r e a t  number of  
t h e o r e t i c a l  and e x p e r i -  
mental t e s t s .  Above a l l ,  
t h i s  meant t h e  c r e a t i o n  
of  a d e s i g n  ab le  t o  
w i t h s t a n d  huge g - f o r c e s  
on e n t r y  i n t o  t h e  
a tmosphere ,  t h e  

1 

c 
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TABLE 7.  BASIC DATA ON MARINER 5 AND VENERA SERIES 

i 

- -  - ---__ - - I - - -  
, 

Region of p l a n e t  Remarks craf t  

1 orning terminator  
Mariner-5 Oct. 19 , 1961 , ' I  i g h t  side (on Time indica ted  i n  m i n  

Lmmersion), 370N;O beginning a t  c l o s e s t  
/= 142.30.Day side dis tance  t o  p h l e  a t  (on emersion), 32-40 r a d i o  immersion. b i s  
s: 8 = 33.30 

I 1 111, 8 1 ,  

s o l a r  z e n i t h  angle.  
Venera-5 May 16, 1969 1 ' ' I  8 Equator&al re ion ,  ,Distance betweenvenera-5 

n i g h t  slde =z?OO and. Venera-6 landing I ikm from morning Keqion ("300 km) f iqured  
1 i t e m i n a t o r  hccordina t o  estimates 
i 

Venera-6 May 16,  1969 j , 

'Jenera-7 D e c .  15, 

Venera-8 J u l y  22 ,  

terminator  I 

morning terminator  

c o n s t r u c t i o n  of a s t r o n g  h u l l , '  t h e  c a l c u l a t i o n  and t e s t i n g  o f  
h i g h l y  e f f i c i e n t  h e a t - r e s i s t a n t  and i n s u l a t i n g  c o v e r i n g s  as well 
a s  t h e  development of methods and s p e c i a l  d e v i c e s  for t h e  ground 
t e s t i n g  o f  t h e  DA i n  c o n d i t i o n s  t h a t  s i m u l a t e  t h e  a tmospheric  
conditions of  Venus. T h e  da t a  obtained allowed u s  t o  select 
t he  o p t i m a l  parameters of  o u t s i d e  heat i n s u l a t i o n  on v a r i o u s  
p o r t i o n s  of t h e  f l i g h t ,  and t o  s e l e c t  t h e  proper  t h i c k n e s s  of t h e  
h u l l  and t h e  i n t e r n a l  i n s u l a t i o n .  
p o r o u s  and honeycomb-shaped materials w i t h  t h e  s t r e n g t h  needed t o  
w i t h s t a n d  h i g h  e x t e r n a l  p r e s s u r e  were used .  Avduyevskiy [ 7 ]  
examines q u e s t i o n s  of heat t ransfer  t h r o u g h  porous i n s u l a t i o n  as 
a p p l i e d  t o  t h e  d e s i g n  o f  d e s c e n t  a p p a r a t u s .  

For  t h e  most e f f i c i e n t  i n s u l a t i o n ,  

Another important way to l e n g t h e n  t h e  l i f e  of t h e  a p p a r a t u s  
i n  t h e  h o t  Venusian atmosphere i s  t o  u s e  heat s t o r a g e  c e l l s .  
t o t a l  e f f e c t i v e  heat c a p a c i t y  i n s i d e  t h e  a p p a r a t u s  i s  less  t h a n  
t h e  t r u e  hea t  c a p a c i t y  because  of t h e  f a c t  t h a t  w h i l e  i t  o p e r a t e s ,  
t h e  t e m p e r a t u r e  i n  a l l  i n s t r u m e n t s  i s  n o t  e q u a l i z e d .  One o f  t h e  
means o f  heat a b s o r p t i o n  i s  t h e  a p p l i c a t i o n  of e v a p o r a t o r  s y s t e m s .  
However, c o n d i t i o n s  on Venus a re  s u c h  t h a t  i n  t h e  r a n g e  o f  up t o  
5 O o C ,  t h e  p r e s s u r e  of  s a t u r a t i n g  vapors of' p o s s i b l e  s u b s t a n c e s  i s  

The 

/89 - 

6 3  



F i g .  2 6 .  The d e s c e n t  a p p a r a t u s  
of the Venera-8 station. 1. Shock 
a b s o r b e r ;  2 .  E x t e r n a l  hea t  
i n s u l a t i o n ;  3. Radio t r a n s m i t t e r ;  
4. H u l l  o f  t h e  i n s t r u m e n t  module; 
5. Commutator u n i t ;  6 .  Fan; 7 .  Duct 
of t h e  heat r e g u l a t i o n  s y s t e m ;  
8 .  D i s t a n t  a n t e n n a  of  t h e  r a d i o  
t r a n s m i t t e r ;  9 .  P a r a c h u t e  
c o n t a i n e r ;  1 0 .  Main a n t e n n a  of 
r a d i o  t r a n s m i t t e r ;  11. P a r a c h u t e  
c o n t a i n e r  c o v e r ;  1 2 .  Release 
p a r a c h u t e ;  1 3 .  Main p a r a c h u t e ;  
14. Radar  altimeter antenna; 
1 5 .  Heat exchange r ;  1 6 .  Heat 
s t o r a g e  c e l l s ;  1 7 .  I n t e r n a l  
i n s u l a t i o n ;  18. Time-program d e v i c e .  

s i g n i f i c a n t l y  l e s s  t h a n  
t h e  p r e s s u r e  i n  t h e  
s u r r o u n d i n g  medium, 
and t h e  removal of  
vapor s  under  t h e i r  own 
p r e s s u r e  i s  i m p o s s i b l e .  
T h e r e f o r e ,  for t h e s e  heat  
c e l l s ,  i t  w a s  n e c e s s a r y  
t o  use  a s u b s t a n c e  whose 
phase  t r a n s i t i o n  o c c u r s  
a t  a lower t e m p e r a t u r e  
and wi thou t  a marked change 
i n  volume. The c r y s t a l  
h y d r a t e  L i N O  o n H 2 0  h a s  
such  a p r o p e J t y  -- i t s  
phase  t r a n s i t i o n  i s  a b o u t  
3 O o C .  Upon expans ion  
and h e a t i n g ,  t h i s  s a l t  
a b s o r b s  more t h a n  1 0 0  
kca l /kg ,  w i t h  a change i n  
volume o f  about  1 0 % .  The 
t o t a l  heat  c a p a c i t y  o f  
t h i s  heat storage cell 
i s  two t imes l a r g e r  t h a n  
b e r y l l i u m  and s i x  t i m e s  
b e t t e r  t h a n  aluminum. 
Because h e a t  s t o r a g e  c e l l s  
were i n s t a l l e d ,  t h e  t o t a l  
n e a t  c a p a c i t y  o f  t h e  DA 
was s u c c e s s f u l l y  
i n c r e a s e d  by 2 0 %  [TI. 

I n  a d d i t i o n ,  i n  o r d e r  
t o  i n c r e a s e  t h e  D A I S  
o p e r a t i n g  t i m e  In t h e  
atmosphere and on t h e  
s u r f a c e ,  s p e c i a l  c o o l i n g  
was p r o v i d e d  d u r i n g  
t r a j e c t o r y  s o  t h a t  a t  
t h e  noment of  s e p a r a t i o n  

from t h e  o r b i t a l  module,  t h e  t e m p e r a t u r e  i n s i d e  t h e  i n s t r u m e n t  
c o n t a i n e r  was k e p t  w i t h i n  -6/-10°C. A diagram of t h e  AIS Venera 
heat r e g u l a t i o n  sys t em i s  shown i n  F i g .  2 7 .  

- 194 I n s t r u m e n t a t i o n .  The i n s t r u m e n t s  p l a c e d  on board  t h e  Venera 
s t a t i o n s ,  as w e l l  as t h e i r  r a n g e s  and errors of  measurement,  are  
l i s t e d  i n  T a b l e  8.  I n  t h i s  c h a p t e r  we w i l l  d e s c r i b e  t h e  I n s t r u -  
m e n t a t i o n  used  t o  measured a tmospher i c  p a r a m e t e r s .  A d e s c r i p t i o n  
of  t h e  photometer  i s  g i v e n  i n  Chapter  4, and a d e s c r i p t i o n  of t h e  
gamma-ray s p e c t r o m e t e r  can  b e  found i n  [34]. 

The Venera-4, -5, and -6 s t a t i o n s  were equipped  w i t h  s i m p l e  
g a s  a n a l y z e r s  o f  t h e  G-8 and G - 1 0  t y p e  t o  de t e rmine  t h e  chemica l  

. 

& 
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TABLE 8. INSTRUMENTATION AND MEASURED PARAMETERS OF VENERA SERIES / 9 0  _- 

mitter [Dop ler shift 
of carrier f r e  uenc I 
G a s  ana lyzers  i!or C 8 2 ,  
N2, H20 and 02 content  
of types 2,4 5,6 and 
7 above: w i t h  g r e a t e r  
accurac than Venera-4 
gas  anaxyzers (+4% f o r  
CO ,+2.5% f o r  *; +0.1 

S t a t  ion  

i 

1 

Measured 
parameter Instrument I ~ ~ ~ ~ r ~ ~ e n t  

I Gas analyzers  Venera-4 1 Chemical com- 

.- ~ 

Venera-4 

Venera-5 
Venera-6 

p o s i t i o n  of 
atmosphere 

7 -loo'',, 

2.3-  50 "" 

: -0. I ",a 
> l l . l ) : ) ~ l "  

~ 0. 'I 0" 

of  I : I ) ~ ,  1t1o a t  I Y 

%: (zirconium 
absorber  1 

i. \: (prelim.absorp!io 
.I 1lIllll q') 
;I 11.11 (chanqe i n  elect 

:onduct ivi ty  of P2O5 
1 9  i I K 1  ( C a C 1  absorption 
i. 1 ) -  (burn chrough of 
tungsten f i l amen t  a t  
T E 800OC 

-4 1.7*#, 

i 
s 0 2 1  ii-cil sublimation 1 . I.(;", 
of red  phosphorus I 

ORIGINAL 'AGE IS 
OF POOR QUALITY 

. . . - ~  

I 
Atmospheric Ioniza t ion  densimeter 
dens i ty  ! 
surface 
Wind 

Chemical 
composition 
of atmosphere 

Atmospheric 
temperature 

Error  of measure- 
ment (mean square 
e r r o r  from range 
of measurements) 

Resistance thermo- 
meters 

Atmospheric 
pressure 

* Percentages by volume 
** A t  g@ = 9 8 1  cmosec-2 

Not better than 
+ i o  m/sec 

[TABLE 8. continued on next page] 
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[TABLE 8 .  continued] 

_. . -.- - 
I 
I 

S f a t i o n  ! Measure1 
/parameter  

__. - 

tmosph.density 
Venera-6 A l t i  ude above 

Venera-7 tmosph. temperat 
press. 

l t i t u d e  above 
ur face  

Venera-8 Atmospher-temp. 

i / ~ a n g e  of 

imeasurement Instrument 1 

I 

1 1 .  :,-;I I kg-m-3 
I;II ukm 

2:) ->:u 1:  i iensimeter of tuning 
:ork type 
!ad altimeter of 
lecimeter range 

U.:I --l;,clkq-cm'L Resis tance thermo- 
Manometers of aneroid m e t e r  

t e  O n g a r d  r a d i o  t r a n s  
m i t t e r  (DOp l e r  s h i f t  1 
of b a r r i e r  Krequency) , - .-, 

I I - .. - - 

ORIGINAL PAGE IS 
POOR QUALITY 

Photometer i n  range 1 1 .  'I 
(1.S microns 
Gas a n a l  zer (co lor  

phenolsulfo h tha le in  
on baked s i f ica  g e l  
when "3 absorpt ion 

change 0% tetrabromo- 

~ 

A l t i t u d e  above 
sur face  
P e r m i t t i v i t y  of 

ground E 
Character of 
sur face  rock 

I Wind 

Atmospheric 
d e n s i t y  

- - - ~  

160-channel gamma- 
r a y  spectrometer ( f o r /  

! UI Th, and K content  
i n  rock) 
Onboard r a d i o  t r a n s -  [ 
m i t t e r  (Dop ler 
frequency s R i f t )  
Sensor of q-force i n  1 
r e l a t i o n  t r l  time I 

( acce le rorne tx)  I 

l;ll-!l km 

k r o r  of measure- 
lent (mean square 
lrror from range 
If measurements) 

* : K! "; 
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Fig. 27.  Diagram of the Venera 
heat regulation system. 1. Antenna- 
radiator; 2. Orbital unit; 3. Multi- 
layered insulation; 4 .  Cooling 
circuit; 5. Descent apparatus. - __ - .. 

~ _ _  
m 

Fig. 28. Composite view of gas 
analyzers. On t h e  l e f t ,  t h e  
Venera-4 gas analyzer; on the 
right, the Venera-5 gas analyzer; 
in the middle, an ammonia 
gauge. 

ORIGINAL PAGE IS 
..* OF POOR QUALITY 

i 

1 

composition of the atmosphere. 
Fig. 28 shows the instru- 
ments. Each station had 
two instruments each in 
order to make measurements 
at levels in the atmosphere 
with various pressures. 
The following description 
of this instrumentation 
and the methods used to 
measure chemical content 
is based on the works of 
Vinogradov, Surkov and 
their co-workers [ 2 9 ,  31, 
32, 153 ,  1 5 4 ,  5371. 

In order to determine 
the content of carbon 
dioxide, nitrogen (together 
with the inert gases), 
oxygen, and water vapor, 
an amplitude (manometric) 
method was used. In order 
to record small (threshold) 
quantities of H20 and 0 2 ,  
the electrolytic and 
thermochemical methods were 
used. The reagents were 
chosen primarily on the 
following criteria: 
selectivity for the 
specified component; a 
sufficiently high rate of 
reaction to absorption; /95 
s t a b i l i t y  throughout a 
comparatively long storage 
period, in a wide tempera- 
ture range, and under the 
impact of considerable 
g-forces, and the absence 
of gaseous by-products f r o m  
the reaction, by-products 
that would affect the esti- 
mate of the content of the 
defined component. 

Good C02 absorbers are soda lime, ascarite, potassium 
hydroxide, sodium hydroxide and calcium hydroxide. all of which 
possess slightly different absorption characteristics depending 
on time. Potassium hydroxide (KON) was selected for experiment 
on the Venera stations as the most acceptable absorber. Its  
shortcoming is its sensitivity to the presence of moisture. To 
make absorption speed independent of the degree of drying of 
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the reagent, a lithium C02 absorber ( -  3%) was added to the KON; 
and to remove any error'connected with the absorption of water 
vapor by the reagent, calcium chloride was put into the other 
compartment of the cell of the gas analyzer. Within 30 - 50 sec, 
nearly complete carbon dioxide absorption in the specified 
volume of the working cell was secured. 

Each gas analyzer is a one-time instrument and consists of a 
set of gas-analyzing cells and an electronics unit. In contrast /96 
to G - 8  gas analyzers, the number of working cells was increased 
in the G-10 gas analyzer, and the sensitivity of the manometric 
sensors was heightened, so as to make measurements when the 
pressure of the surrounding medium was lower. T h e  operating 
principle of the gas analyzers is evident from the diagrams in 
Figs. 29 - 32.  These diagrams also show the characterist,ics of 
C O 2 ,  O2 and H20 absorption by various absorbers as a function of 
t irne . 

Fig. 29. The gas-analyzing cells f o r  the determination of C 0 2  
content in the atmosphere: a )  by the manometric method and 
b) by the heat-conductivity method. 1. The chemical absorber; 
2. Manometric device; 3. Potentiometer; 4. ValveC1531. 

Key: 1. Atmosphere; 2. To electronics unit 

The first diagram (Fig. 29a) represents the gas-analyzer cell 
of a G-8 instrument. On a command from the onboard time-program 
device, a valve opens, and the atmospheric gas under investigation 
penetrates into both parts of a cylindrical tube divided by a 

closes. In one pax, there is a chemical absorber of one of 
several of the atmospheric components; this produces a pressure 

membrane and evacuated and sealed beforehand. Then the valve /97 
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F i g .  30.  The C O 2  a b s o r p t i o n  
c h a r a c t e r i s t i c s  of v a r i o u s  
a b s o r b e r s  v s .  time [153]. 
Key: a .  Ascarite; b. Soda l i m e ;  
c .  Sec .  
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F i g .  31. C 0 2  a b s o r p t i o n  charac-  
t e r i s t i c s  o f  w h i t e  phosphorous 
vs . t ime -- a t  v a r i o u s  tempera- 
t u r e s  ( a ) ;  and  a diagram. o f  t h e  
g a s - a n a l y z i n g  c e l l  for determlna- 
t i o n  o f  0 2  c o n t e n t  i n  a tmosphere  
b y  the  thermochemical mcthod (b) 
C1531. 
Key: 1. To e l e c t r o n i c s  u n i t  

2. Study a tmosphere  

d i f f e r e n t i a l ,  and t h e  
membrane b u l g e s  i n  one 
d i r e c t i o n  o r  t h e  o t h e r ;  and 
t h i s  i s  t h e n  regis tered by 
a p o t e n t i o m e t r i c  s e n s o r .  To 
i n c r e a s e  r e a c t i o n  speed  i n  
s e v e r a l  ce l l : ;  an  a u t o m a t i c  
h e a t i n g  o f  t h e  a b s o r b e r  i s  
p rov ided  f o r  after t h e  
a tmosphe r i c  sample i s  t a k e n  
and t h e  v a l v e  i s  c l o s e d  
( a b o u t  1 0  sec : ) .  

A s i m i l a r  d i f f e r e n t i a l  
(manometr ic)  method i s  used 
t o  d e t e r m i n e  n i t r o g e n  c o n t e n t .  
I n  t h e  g a s  a n a l y z e r  on 
board Venera-4, z i r con ium 
was used  as E n  a b s o r b e r .  T h i s  
method i s  b a s e d  on t h e  
well-known a t i l 2 t y  o f  n i t r o g e n  
t o  form s t ab le  n i t r i d e s  w i t h  
metals when heated. The u s e  
o f  t h i s  rnethcd was t o  a l a r g e  
e x t e n t  p rede te rmined  by t h e  
e x p e c t a t i o n  c f  a s i g n i f i c a n t .  
n i t r o g e n  c o n t e n t  i n  t h e  Venusian 
a tmosphere .  A z i r c o n i u n  powder 
was p l a c e d  on a c r y s t a l  
c a p i l l a r y  and cemented i n  
p l a c e  by a 2 0 %  s o l u t i o n  of 
sodium s i l i c a t e .  I n  o r d e r  f o r  
t h e  r e a c t i o n  t o  p roceed  more 
i n t e n s e l y  (working t e m p e r a t u r e  
abou t  8OO0C), a z o n a l  m i x t u r e  
was used (aluminum and bar ium 
peroxide a t  a ratio of 2:l). 
I n  o r d e r  t o  e l i m i n a t e  t h e  
i n f l u e n c e  o f  C 0 2 ,  H20, 0 2  and 
Zr a b s o r b e n t s  on t h e  r e a d i n g s  
o f  t h e  i n s t r u m e n t ,  KON ( f o r  
CO7 and H20 a b s o r p t i o n )  and  

phosphorus  
chamber of t h e  gas -ana lyze r  c e l l .  

(for 02 a b s o r p t i o n )  were p u t  i n t o - t h e  comparison 
- 1 9 8  

I n  t h e  g a s  a n a l y z e r s  of  Venera-5 and Venera-6, N2 was 
de termined  by measur ing  t h e  p r e s s u r e  r ema ln ing  i n  t h e  c e l l  a f t e r  
C?2, 02 and H20 a b s o r p t i o n .  Th i s  method i s  more r e l i a b l e ,  s i n c e  
z i r con ium a b s o r b e r s  a re  n o t  s u f f i c i e n t l y  s t a b l e  i n  t h e  p r e s e n c e  
o f  a l a r g e  q u a n t i t y  o f  C02. The c o n t e n t  o f  n i t r o g e n  and t h e  i n e r t  
g a s e s  ( i f  t h e r e  are such  i n  t h e  a tmosphere)  i s  n o t  s o r t e d  o u t  
i n  such  a method of a n a l y s i s .  



The second diagram 
1 .  ,----- (Fig. 2 9 b )  shows the gas- 

analyzing cell of the G-10 
instrument for the deter- 
mination of small GO2 
content by the heat- 
conductivity method. 
This diagram differs from 
the previous one 
essentially in that in 

using a membrane as the 

platinum filaments were 
Fig. 32.  H20 absorption charac- put inside the crystal 
teristics of calcium vs .  time capillaries and mounted 
(a); and a gas-analyzing cell in a balanced bridge 
for deterxination of H20 content circuit. C 0 2  absorption 
in the atmosphere by the electro- In one of the cylinder's 
lytic method (b) C1531. compartments led to 

a change in the heat Key: 1. t, sec conductivity from one 
of the filaments and, 

consequently, to an imbalance of the bridge, whose magnitude is 
calibrated in units of C02 absorption. 

In using the manometric method of determining oxygen and 
water vapor content, the Venera-4 gas analyzers employed white 
phosphorus and calcium chloride, respectively, as absorbers. 
The absorption characteristics of  these atmospheric components 
by these reagents are given in the graphs in Figs. 3 1  - 3 2 .  The 
white phase o f  phosphorus was obtained b y  subliminating the original 
red phosphorus and was used on the bond (a solution of calcium 
bichromate and silicate of sodium) w i t h  the purpose of securing 
mechanical strength, Unfortunately, this method does not reveal 
the presence of an H20 admixture. 
employed in the form of a screening fraction with a nucleus size 
of 1 - 3 mm after a preliminary alloying and fragmenting away 
f r o m  moisture. 

7- -- 

9 v  this case, instead of 
r- 

I /  ! '  11 2 "  * Y " r p  

a b sensitive element, 

i 

2. T o  electronics unit 

The calcium chloride was 

A more sensitive method for determining oxygen content is the 
thermochemical method, which was done for all practical purposes 
on the Venera-4, -5, and -6 AIS'S in a variant of the gas- 
analyzing cell shown in Fig. 31. An electric current, whose size 
depends on the resistance of the conductor, is passed through 
a filament of nonmelting metal (tungsten) with a diameter of 
12 pm. If there is oxygen within the cell, its reaction with the - /99 
tungsten either sharply reduces the section of the conductor or 
burns through it; this enables a threshold determination of O2 
content to be made. This reaction is selective and is not 
sensitive to C02 or N2. 
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For a threshold determination of atmospheric humidity, the gas 
' analyzers of Venera-4, -5, and -6 used an electrolytic method. 

Fig. 32 shows the essential schema of one such gas analyzer cell. 
This method is based on the change of electrical resistivity in 
a moisture-absorbing substance; a hydrated phosphoric anhydride 
was used f o r  this purpose. A 20% aqueous solution of P 0 
(metaphosphoric acid) was placed on the outer surface o s  2 
glass coil, a dual spiral thread with a pitch of 0.1 mm was cut 
into the surface; and a platinum filament with a diameter of 
0.1 mm was wound onto the glass coil. A voltage feed brings about 
electrolysis of the metaphosphoric acid, which, as a result of 
drying, decomposes as in the reaction 

1 
d ' { \ ' O . - .  1 1 :  T o 2 - !  I ..o,,. 
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This in turn produces an increased r e s i s t a r 6 d 6 B ( K r R ~ T l b ~ b i n g  
layer. On the other hand, the absorption of moisture brings about 
a drop in resistance and an increase in the current registered. 
In order to maintain for an extensive period a low residual 
moisture over the phosphorus pentoxide after drying, the sensor 
was located over alkali. 

To determine a possible ammonia content in the Venusian 
atmosphere, Venera-8 carried a gas-analyzer whose operating 
principle is based on a linear-color method, i.e., on recording 
the color change of  a chemical reagent during a reaction with 
"3. Tetrabromophenolsulfophthalein (a fine-grained yellow 
powder) on a tempered silica gel was used for this reagent. 

was recorded by sulfur cadmium photoresistors. To heighten 
sensitivity and remove accidental or drift effects, a bridge 
circuit was built in such a way that the color change of the 
working reagent was determined in relation to a standard set in a 
neighboring, sealed compartment of the instrument. Fig. 3 3  
shows a diagram of the gas analyzer. 

In order to measure t h e  pressure and temperature of the 
Venusian atmosphere, t h e  most simple and reliable methods of 
measuring the thermophysical parameters of a dense gas were 
used -- with the help of manometers of the membrane (aneroid) 
type and resistance thermometers [l, 3, 4, 61. Fig. 34 shows a 
composite view of instruments of this type. The operating 
principle of a manometric sensor (Fig. 35a) Is based on this 
property: the elastic deformation of a sensitive element under /102  
the effect of external pressure, which is then transformed by a 
transmitter-multiplier mechanism and a potentiometer into an 
electric current. Resistance thermometers (Fig. 35b) 
mounted in balanced bridge circuits served as temperature 
sensors. Their operating principle is based on the dependence 
of the ohmic resistance of the sensitive element on temperature 
change in the medium. A platinum wire was used as the sensitive 
element of the sensors. The manometers and thermometers were 

Under 
the effect of ammonia, it becomes dark-blue. Any color change / l o o  
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F i g .  33. Diagram o f  a gas- 
a n a l y z i n g  c e l l  for d e t e r m i n a -  
t i o n  of KH3 c o n t e n t  i n  t h e  
a tmosphe re  by t h e  c o l o r i -  
m e t r i c  method. 1. E n t r y  o f  
a tmosphere ;  2 .  Measuring 
chamber;  3. Cal ibra ted  
c a p a c i t y ;  4 .  E l e c t r o n i c  u n i t  
( E U ) ;  5. P h o t o r e s i s t o r s ;  
6 .  F i l t e r  C1541. 
Key: a .  To EU. 

b F i g .  34. Composite view of  
a n e r o i d  manometer ( a )  and 
r e s i s t a n c e  thermometer  ( b ) .  

t e s t ed  i n  a wide r ange  of 
t e m p e r a t u r e  and p r e s s u r e  v a r i a -  
t i o n s  i n  t h e  s u r r o u n d i n g  medium. 
The e r r o r  i n  d e t e r m i n i n g  
t e m p e r a t u r e  and p r e s s u r e ,  
e s t i m a t e d  as t h e  q u a d r a t i c  mean 
e r r o r  of measurements CJT p , 
o f  t h e  r a n g e  o f  measurement.  
On i n d i v i d u a l  segments  of 
measurements,  i t  grew because  
of t h e  d i s c r e t e n e s s  of' t h e  
i n t e r r o g a t i o n  o f  t e l e m e t r i c  
commutators.  

was n o t  more t h a n  1 . 5  - 5. b% 

The Venera-4 - -6 s t a t i o n s  
a l s o  measured t h e  d e n s i t y  of 
t h e  Venusian a tmosphere .  On 
Venera-4, Xikhnevich and Sokolov  
[111] used a n  i o n i z a t i o n  d e n s i -  
meter t o  measure d e n s i t y ;  and  
on Venera-5 and Venera-6 C4,  
1893 ,  Avduyevskiy e t  a1 u s e d  
a dens imeter  of  a t u n i n g - f o r k  
t y p e .  The i o n i z a t i o n  d e n s i -  
meter w a s  a n  i o n i z a t i o n  chamber 
o f  a c y l i n d r i c a l  shape ;  i t s  
i n n e r  s u r f a c e  was covered  w i t h  
B-act ive s t r o n t i u m  9 0 .  A 
wire was s t r e t c h e d  a l o n g  t h e  
a x i s  o f  t h e  c y l i n d e r .  The 
chamber was comple t e ly  open 
t o  t h e  s u r r o u n d i n g  s p a c e .  The  
o p e r a t i n g  p r i n c i p l e  o f  t h e  
dens imeter  w a s  based on 
measurement o f  t h e  s i z e  o f  a 
c u r r e n t  produced b y  g a s  
i o n i z a t i o n  i n s i d e  t h e  c y l i n d e r .  
A c o n s t a n t  d i f f e r e n c e  i n  t h e  
p o t e n t i a l  between t h e  w a l l  of 
t h e  c y l i n d e r  and t h e  wire 
p r o d u c e s  a c u r r e n t ;  t h e  
c u r r e n t  i s  p r o p o r t i o n a l  t o  
t h e  d e n s i t y  of  t h e  gas i n s i d e  
t h e  c y l i n d e r  and ,  consequen t ly  
t o  t h e  d e n s i t y  of t h e  g a s  i n  
t h e  a tmosphere .  The o p e r a t i n g  
p r i n c i p l e  of  t h e  t u n i n g - f o r k  
d e n s i m e t e r  i s  b a s e d  on  v a r i a t i o n  
i n  t h e  ampl i tude  o f  t h e  tun ing -  
fork's v i b r a t i o n s  w i t h  s p e c i a l  
s t i m u l a t i o n  as a f u n c t i o n  o f  t h e  

A 
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d e n s i t y  of  t h e  medium. The p l a t e s  of  t h e  f o r k s  are  0 . 6  mm t h i c k  
and 1 2  mi wide and made of  s t e e l .  The q u a l i t y  of  t h e  t u n i n g  f o r k  
was = 3 0 0 .  An e x c i t a t i o n  c o i l  m a i n t a i n s  a regime o f  a u t o v i b r a t i o n  
a t  a f requency  f = 1 6 0  Hz from an  o s c i l l a t o r  w i t h  a n  e l e c t r o n i c  
feedback;  f r e q u e n c y  s t a b i l i t y  i s  no worse t h a n  1 Hz.  A c o n s t a n t  
energy  l e v e l  on t h e  c o i l  i s  ensured  by  an  e l e c t r o n i c  s y s t e m  o f  
a m p l i t u d e  l i m i t e r s .  The amount o f  v a r i a t i o n  of  t h e  decrement o f  /= 
t h e  f a d i n g  i n  t h e  r a n g e  of measurements was about  30. An e l e c t r i c  
s i g n a l  p r o p o r t i o n a l  t o  t h e  a m p l i t u d e  o f  t h e  o s c i l l a t i o n  and t h u s  
t o  t h e  d e n s i t y  of t h e  medium as we l l ,  i s  t a k e n  o f f  t h e  c o i l ,  which 
i s  s e c u r e d  on one o f  t h e  p l a t e s  of t h e  t u n i n g  f o r k .  

On t h e  command f o r  t h e  main p a r a c h u t e  t o  open, t h e  r ada r  a l t i -  
m e t e r  w i t h  which Venera-4, -5,  -6 and -8 were equipped t u r n e d  on.  
Measurement of  t h e  a l t i t u d e  on t h e  Venera-4, -5, and -6 s t a t i o n s  
was done a c c o r d i n g  t o  t h e  p r i n c i p l e  of f requency  modula t ion .  I n  
c o n t r a s t  t o  t h e  radar  a l t imeter  o f  Venera-4, whose s i n g l e  r e a d i n g  
a t  t h e  moment o f  p a r a c h u t e  deployment was n o t  f r e e  o f  ambigui ty ,  
[3,  43 on t h e  Venera-5 and -6 s t a t i o n s ,  independent  f requency  f i l t e r s  
i n d i c a t e d  t he  moments when t h e  a p p a r a t u s  passed  a se r ies  o f  r a t e d  
a l t i t u d e s  from 50 t o  1 0 0  km. T h i s  method of  a l t i t u d e  d e t e r m i n a t i o n  
was based  on t h e  f a c t  t h a t  t h e  d i f f e r e n c e  i n  f requency  between 
t h e  frequency-modulated echo r e f l e c t e d  from t h e  p l a n e t a r y  s u r f a c e  
and t h e  t r a n s m i t t e d  frequency-modulated s i g n a l  was a d i r e c t  
f u n c t i o n  o f  a l t i t u d e .  T h i s  method made i t  p o s s i b l e  t o  r e c e i v e  
t h e  'knvelope"s igna1  i n  a s u i t a b l e  o p e r a t i n g  channel  o f  t h e  
a l t ime te r ;  t h e  form o f  t h i s  "envelope" depended on t h e  form o f  t h e  
f requency  spec t rum o f  t h e  f i l t e r  and on t h e  form of t h e  e n v e l o p e  
o f  t h e  spec t rum o f  t h e  p u l s e d  s i g n a l .  The "envelope" of t h e  
s i g n a l  as i t  l e a v e s  t h e  c h a n n e l  of t h e  r e c e i v e r  r e a c h e s  a peak 
when t h e  peak o f  t h e  f requency  spec t rum of t h e  f i l t e r  matches t h e  
maximum envelope  of  t h e  spec t rum of t h e  pulsed  s i g n a l .  T h i s  
c h a r a c t e r i s t i c  p o i n t  i s  de termined  by  t h e  moment when t h e  ra ted  
( f o r  a s p e c i f i e d  c h a n n e l )  a l t i t u d e  above t h e  t a rge t  s u r f a c e  ( a t  a 
g i v e n  r e f l e c t i o n  c o e f f i c i e n t  o f  t h e  s u r f a c e ,  which i s  t h e  r e s u l t  
of radar echo da t a )  i s  r e a c h e d .  I n  t h i s ,  t h e  d i f f e r e n c e  between 
t h e  i n h e r e n t  f r e q u e n c i e s  of t h e  t u n e r  of t h e  filters of  t h e  
r e c e i v e r  i s  w i t h i n  t h e  l imi t s  o f  v a l u e s  t h a t  cor respond t o  a 
d i f f e r e n c e  i n  a l t i t u d e  o f  8 - 1 0  k m .  

The radar a l t imeter  on t h e  Venera-8 s t a t i o n  o p e r a t e d  on t h e  
same p r i n c i p l e  as a n  i n s t r u m e n t  o f  t h e  p u l s a t i n g  t y p e .  It was 
used b o t h  t o  measure a l t i t u d e  above t h e  s u r f a c e  and t o  es t imate  
from t h e  v a l u e  o f  t h e  echo l e v e l ,  t h e  p e r m i t t i v i t y  ( d e n s i t y )  o f  
t h e  ground. 

Venera-8, t o  d e f i n e  t h e  s u c c e s s i v e  i n t e r v a l s  o f  t h e  p a r a c h u t e  
d e s c e n t ) ,  data on t h e  Doppler  f r e q u e n c y  s h i f t  of t h e  onboard r a d i o  
t r a n s m i t t e r  were used .  Kerzhanovich e t  a1 [66] have examined 
methods f o r  a n a l y z i n g  t h e s e  data .  The accuracy  (and t h e  p o s s i -  
b i l i t y )  o f  measuring wind v e l o c i t y  w i t h  one-way Doppler i n f o r m a t i o n  
i s  de termined  by  the f requency  s t a b i l i t y  o f  onboard o s c i l l a t o r s  

To d e t e r m i n e  wind speed  i n  t h e  atmosphere (and on Venera-7 and 
/lo4 -- 
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F i g .  35. Diagram o f  a n e r o i d  manometer ( a )  and d e s i g n  of  
t e m p e r a t u r e  s e n s o r  ( b ) .  

Key: 1. Measured p r e s s u r e  

which were used as a s t a n d a r d  on t h e  D A .  E r r o r  i s  i n t r o d u c e d  t h r o u g h  
i n a c c u r a t e  knowledge o f  t h e  v a l u e  o f  t h e  f requency  o r  I t s  unpre-  
d i c t a b l e  d r i f t ,  which can  b e  i n t e r p r e t e d  as a v e l o c i t y  v a r i a t i o n .  
The main f a c t o r  i n f l u e n c i n g  t h e  f requency  s t a b i l i t y  of t h e  
o s c i l l a t o r s  i s  change i n  t h e  o u t s i d e  t e m p e r a t u r e .  If on t h e  
i n t e r p l a n e t a r y  segment of  t h e  f l i g h t  t h e  o s c i l l a t o r s  o p e r a t e  i n  
c o m p a r a t i v e l y  f a v o r a b l e  c o n d i t i o n s ,  w i t h  l i t t l e  t e m p e r a t u r e  
f l u c t u a t i o n  i n s i d e  t h e  D A , t h e n d u r i n g  d e s c e n t  when t h e  o u t s i d e  tem- 
p e r a t u r e  r e a c h e s  a lmost  75OoK, t h e  . tempera ture  i n s i d e  t h e  DA 
g r a d u a l l y  i n c r e a s e s .  To d e c r e a s e  tempera ture-dependent  f requency  
d r i f t ,  t h e r m o s t a b i l i z e d  c r y s t a l  o s c i l l a t o r s  i n  Dewar vessels were 
u s e d  i n  t h e  D A .  However, t e m p e r a t u r e  d r i f t  i n  such  o s c i l l a t o r s  
d u r i n g  d e s c e n t  can  lead t o  a s l o w l y  v a r y i n g  e r r o r  o f  measured 
v e l o c i t y  up t o  5 - 7 m/sec. F o r  subsequent  c o r r e c t i o n  o f  the 
e r r o r ,  a method o f  c a l c u l a t i n g  tempera ture- f requency  d r i f t  was 
developed  t h a t  used o s c i l l a t o r  c h a r a c t e r i s t i c s  measured on t h e  
E a r t h  and t e l e m e t r y  measurements o f  t e m p e r a t u r e  i n s i d e  t h e  DA 
d u r i n g  d e s c e n t .  The r e m a i n i n g  e r r o r  has a smooth, s l o w l y  i n c r e a s i n g  
c h a r a c t e r ,  and a t  t h e  end of  d e s c e n t  does n o t  exceed 1 - 1 . 5  m/sec. 

S y s t e m a t i c  e r r o r  o f  v e l o c i t y  measurements i s  de termined  by  t h e  
a c c u r a c y  w i t h  which f r e q u e n c y  c a l i b r a t i o n s  d u r i n g  communication 
p e r i o d s  d u r i n g  i n t e r p l a n e t a r y  f l i g h t  c a n  be used  t o  p r e d i c t  t h e  
o s c i l l a t o r  f requency  a t  t h e  moment o f  e n t r y  i n t o  t h e  Venusian 
a tmosphere .  Such a p r e d u c t i o n  i n  t u r n  depends on t h e  i n d i v i d u a l  
a g i n g  of  c r y s t a l  resonators ,  t h e  number of  calibrations made, and 
t h e  t ime from t h e  l a s t  f requency  measurement i s  made b e f o r e  e n t r y  
i n t o  t h e  a tmosphere.  The maximum s y s t e m a t i c  e r r o r  a s s o c i a t e d  w i t h  
i n a c c u r a c y  i n  e x t r a p o l a t i n g  t h e  f requency  o f  t h e  o s c i l l a t o r  t o  
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f o r  Venera-4, -5 and -6 r e s p e c t i v e l y .  

For  Venera-7 and Venera-8, s y s t e m a t i c  e r r o r  d e c r e a s e s  t o  
- + 1 . 5  m/sec when t h e  r e s u l t s  o f  f requency  measurements a f t e r  
l a n d i n g  on t h e  p l a n e t a r y  s u r f a c e  a r e  used f o r  purposes  o f  
c a l i b r a t i o n .  The a c c u r a c y  of  measuring v e l o c i t y  f l u c t u a t i o n s  i s  
d e f i n e d  by s h o r t - t i m e  f requency  i n s t a b i l i t y  and d i d  n o t  exceed 
0 . 3  - 0 .5  m/sec f o r  t h e s e  o s c i l l a t o r s .  F i n a l l y ,  f r e q u e n c y  v a r i a t i o n  
as a r e s u l t  o f  t h e  r e f r a c t i o n  o f  r a d i o  waves i n  t h e  atmosphere 
i n t r o d u c e s  a c o r r e c t i o n  of  n o t  more t h a n  0 . 3  m/sec t o  t h e  v e l o c i t y  
on t h e  f i n a l  s t a g e  o f  d e s c e n t  down t o  the  p l a n e t a r y  s u r f a c e  C3771. 

e n a b l e d  u s  t o  make a s e r i e s  of d i r e c t  measurements i n  a n  a tmosphere  
w i t h  e x t r e m e l y  i n d e f i n i t e  v a l u e s  f o r  p a r a m e t e r s  and w i t h  unknown 
a l t i t u d e  dependence. The complex aims of  t h e  f i r s t  measurements 

t ime t h e  f i r s t  measurements made i t  p o s s i b l e  t o  o b t a i n  c r u c i a l  
i n f o r m a t i o n  about  t h e  b a s i c  p h y s i c a l  c h a r a c t e r i s t i c s  of t h e  
Venusian atmosphere and t o  make t h e  t r a n s i t i o n  t o  a more i n t e g r a t e d  
t e s t i n g  program. I n  t h e  f o l l o w i n g  s e c t i o n s  o f  t h i s  c h a p t e r ,  we 
w i l l  a n a l y z e  t h e  r e s u l t s  o f  measuring t h e  thermodynamic p a r a m e t e r s  
o f  t h e  lower atmosphere ( t r o p o s p h e r e )  made on t h e  Venera s t a t i o n s .  
We w i l l  a l s o  examine t h e  r e s u l t s  o f  t h e  Mariner-5 measurements,  
which ex tended  t h e  measured area upwards, i n t o  t h e  s t r a t o s p h e r e .  
Our c u r r e n t  n o t i o n s  a b o u t  t h e  p l a n e t ' s  a t r o s  h e r i c  s t r u c t u r e ,  
from t h e  s u r f a c e  t o  a l t i t u d e s  o f  about  90 kmy, u l t i m a t e l y  res t  on 
t h e s e  measurements.  

The i n s t r u m e n t s  p l a c e d  on t h e  Venera a u t o m a t i c  s t a t i o n s  have 

caused  them t o  be rough e s t i m a t i o n s  i n  some c a s e s .  But a t  t h e  same 

I V .  R e s u l t s  o f  D i r e c t  Measurements of  Atmospheric Parameters on /lo6 
the Venera  S t a t i o n s  and a n  Analysis of These R e s u l t s  

Chemical composi t ion .  The Venera-4 s t a t i o n  made d e t e r m i n a t i o n s  
of  t h e  gaseous composi t ion  a t  two l e v e l s  i n  t h e  a tmosphere  a t  
P = 0 . 6  kg/cm2 and P = 2.0 kg/cm2 ( 2 ) .  The g a s  a n a l y z e r s  of 
Venera-5 and Venera-6 t o o k  samples  a t  l e v e l s  where P 
P 2 . 0  kg/cm2; P = 5 . 0  kg/crn2; and P = 1 0 . 0  kg/cm2. 
s t a t i o n  measured ammonia c n t e n t  a t  a t m o s p h e r i  3 l e v e l s  where 
p r e s s u r e  was P = 2 . 0  kg/cm3 and P = 1 0 . 0  kg/cm . 

0 . 6  k.g/cm2; 
The Venera-8 

The r e s u l t s  o f  

U n f o r t u n a t e l y ,  t h e  r e s u l t s  o f  t h e  Mariner  1 0  f l i g h t  n e a r  Venus 
on February  5 ,  1974 were unknown t o  t h e  a u t h o r s  b e f o r e  t h e y  com- 
p l e t e d  work on t h e  m a n u s c r i p t .  They were compelled,  t h e r e f o r e ,  t o  
l i m i t  themselves  t o  b r i e f  ment ion o f  t h e  b a s i c  r e s u l t s  i n  t h e  
a p p r o p r i a t e  s e c t i o n s  o f  t h e  t e x t  o r  i n  n o t e s  added d u r i n g  p r o o f .  

Here and h e r e a f t e r  kg/cm2 i s  used;  t h i s  u n i t  of' measurement r e f e r s  
t o  a t e c h n i c a l  a tmosphere (a t . ) .  To t r a n s f o r m  t h i ? ,  i n t o  a p h y s i c a l  
a tmosphere ( a t m > ,  t h e  v a l u e  i n  kg/cm2 should  be m u l t i p l i e d  by  1.033. 

I 
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t h e  measurements a c c o r d i n g  t o  Vinogradov e t  a1 [ 2 9 ,  31, 3 2 ,  1 5 4 ,  
5371 a re  g i v e n  i n  T a b l e  9. 

From a n  examinat ion  o f  t h e  data  c i t e d  i n  T a b l e  9 ,  one 
fundamental  c o n c l u s i o n  e n s u e s :  t h e  atmosphere of Venus c o n s i s t s  /lo7 
b a s i c a l l y  of  carbon d i o x i d e .  Average C02 c o n t e n t  i s  9 7 % .  The 
r e s u l t s  of t h e  measurements do n o t  p r e c l u d e  t h e  p r e s e n c e  o f  
n i t r o g e n  i n  t h e  atmosphere;  t h e  upper  l i m i t  of  n i t r o g e n  c o n t e n t  
( t o g e t h e r  w i t h  a p o s s i b l e  admixture  of  i n e r t  gases u n d i f f e r e n t i a t e d ,  
as already n o t e d ,  by t h e  gas a n a l y s i s  method u s e d )  i s  bounded by 
t h e  t h r e s h o l d  v a l u e  < 3.5% ( a n d  p r o b a b l y  < 2 . 0 % ) .  A s  f o r  
d e t e r m i n a t i o n  o f  oxygen c o n t e n t ,  t h e  most r e l i a b l e  da t a  a re  t h o s e  
o b t a i n e d  by  Venera-5 and Venera-6. They i n d i c a t e  t h a t  t h e  oxygen 
c o n c e n t r a t i o n  i n  t h e  Venusian atmosphere i s  n o t  s u b s t a n t i a l l y  
lower  t h a n  t h e  t h r e s h o l d  v a l u e  o f  0 . 1 % .  

The r e s u l t s  of  measur ing  t h e  a t m o s p h e r i c  humidi ty  o f  Venus 
lead  t o  t h e  c o n c l u s i o n  t h a t  a t  a l t i t u d e s  o f  4 6  - 54 km, which 
c o r r e s p o n d  t o  a p r e s s u r e  o f  0 . 6  - 2 . 0  kg/cm2, t h e  a b s o l u t e  
h u m i d i t y  i s  r a t h e r  h igh :  = 6 / 1 1  m g / R .  T h i s  corresporids  t o  a 
r e l a t i v e  c o n t e n t  f o r  H20 on t h e  o r d e r  o f  1% b y  volume; t h i s  i s  
c l o s e  ( w i t h  a n  a c c u r a c y  o f  up t o  2 - 3 t i m e s )  t o  t h e  a v e r a g e  
r e l a t i v e  c o n t e n t  o f  water vapor  i n  t h e  E a r t h ' s  t roposphe re .  A s  
f o r  lower  l e v e l s  i n  t h e  Venusian a tmosphere ,  t h e  r e a d i n g s  of t h e  
gas a n a l y z e r s  give o n l y  t h r e s h o l d  v a l u e s  (more  t h a n  0.7 me;/& a t  
38 km and 30 km), which do n o t  g e n e r a l l y  c o n t r a d i c t  t h e  v a l u e s  
o b t a i n e d  f o r  humidi ty .  If p a r t i a l  oxygen p r e s s u r e  i s  p u t  i n t o  a 
b a r o m e t r i c  formula ,  r e l a t i v e  H20 c o n t e n t  s h o u l d  remain r e l a t i v e l y  
c o n s t a n t .  I f ,  though,  t h e  b a s i c  s o u r c e  of  m o i s t u r e  i s  t h e  c l o u d s ,  
t h e n  as gas moves a b o u t  i n  t h e  Venusian t r o p o s p h e r e  (which i s  
c o n s i s t e n t ,  as w i l l  be s e e n  l a t e r ,  w i t h  t h e  measured t e m p e r a t u r e  
p r o f i l e  T ( h )  w i t h  a g r a d i e n t  c l o s e  t o  t h e  a d i a b a t i c ) ,  one c a n  
assume a r e d u c t i o n  i n  r e l a t i v e  H20 c o n t e n t  by d e p t h .  It i s  more 
d i f f i c u l t  t o  r e c o n c i l e  a tendency  toward r e d u c t i o n  i n  a b s o l u t e  
humidi ty  by d e p t h  w i t h  these n o t i o n s ,  i f  one a c c e p t s  t h l s  t h r e s h o l d  
estimate as  a p o s s i b l e  v a l u e ,  t o  which a mixing r a t i o  fH20 0 .007% 
n e a r  30 km would c o r r e s p o n d  i n  t h i s  c a s e .  The a v e r a g e  water vapor  
c o n t e n t  i n  t h e  e n t i r e  r a n g e  o f  a l t i t u d e s  30 - 54 km would t u r n  
o u t  t o  be on t h e  o r d e r  of 0 .05% ( f o r  d e t a i l s ,  c f .  S e c t i o n  I V . 5 ) .  

The f o l l o w i n g  v a l u e  for mean m o l e c u l a r  weight  c o r r e s p o n d s  
t o  t h e  c o n t e n t  by  volume as measured by  t h e  Venera s t a t i o n s  o f  t h e  
i n d i v i d u a l  a tmospher ic  components 

which i s  e q u a l  i n  t h i s  a p p r o x i m a t i o n  t o  r ; - ~  43.52:: . 
lower  l i m i t s  a re  p o s s i b l e  v a r i a n t s  of CO2 c o n t e n t  t h a t  a re  i n  
agreement  w i t h  measured d a t a .  
undetermined i n  gas a n a l y s i s  b u t  i d e n t i f i e d  i n  s p e c t r o s c o p i c  data 
( c f .  T a b l e  11 i n  I V . 6  below) does  n o t  a f f e c t  t h e  estimate made 
f o r  a v e r a g e  v a l u e  F .  If t h e  mean c o n t e n t  of  t h e  b a s i c  components 
remains  unchanged, p can  vary  a p p r e c i a b l y  only  i f  i n e r t  g a s e s  a r e  
p r e s e n t .  
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TABLE 9 .  RESULTS OF DIRECT DETERMINATION OF G A S 3 O U S  C O M P O S I T I O N  
OF THE VENUSIAN ATMOSPHERE ( A C C O R D I N G  TO [ 2 9 ,  31, 32,  154, 5371) 

ORIGINAL PAGE IS 
OF POOR QUALITY 

Tempera ture ,  p r e s s u r e  and d e n s i t y .  F i g s .  36 and 37 show t h e  
o r i g i n a l  data  from t e m p e r a t u r e  and p r e s s u r e  m e a s u ~ ~ e m e n t s  o f  t h e  
Venusian a tmosphere  as a f u n c t i o n  of t i m e  on t h e  Venera-4, 
Venera-5, Venera-6, Venera-7 and Venera-8 s t a t i o n : ;  -- T(h) and 
P(h) -- these data were o b t a i n e d  b y  Avduyevskiy et; a1 [1, 3 ,  4, 6 ,  
186 ,  187 ,  1891 and by Marov e t  a1 [ l o o ,  103, 4 1 4 ,  4 1 5 3 .  

I n  the f i r s t  exper iment  o n  Venera-4, t he  temperature w a s  
measured a t  300 - 5 3 5 O K  and t h e  p r e s s u r e  a t  0 . 6  - 7 . 2  kg/crn2. The 
dashed  l i n e  i n  Fig. 36 shows t h e  e x t r a p o l a t e d  segment of t h e  
measured p r e s s u r e  c u r v e  up t o  t h e  l e v e l  i n  t h e  a tmosphere  where 
t h e  l a s t  t e m p e r a t u r e  measurement was made. The Venera-5 and Venera-6 
s t a t i o n s  did more comprehensive measurements.  There were 50 - 70 
measured p o i n t s  P and T made d u r i n g  t h a t  s t a g e  o f  t h e  d e s c e n t  of  
each  s t a t i o n  where temp r a t u r e  ranged  from 30OoX t o  600°K and 
p r e s s u r e  from 0 .7  kg.cm' t o  27 kg/cm2. I n  t he  p r o c e s s ,  t h e  measuring 
r a n g e s  o f  i n d i v i d u a l  i n s t r u m e n t s  o v e r l a p p e d .  S i n c e  t h e  accu racy  
of measurements i s  n o t  i d e n t i c a l  w i t h i n  t h e  l i m i t s  o f  t h e  scale  
of t h e  i n s t r u m e n t  and s i n c e  t he re  i s  a l a r g e r  e r r o r  i n  s e n s o r s  /110 
w i t h  a wide measur ing  r a n g e ,  t h e s e  f a c t o r s  a re  t a k e n  i n t o  
c o n s i d e r a t i o n  d u r i n g  p r o c e s s i n g  of t h e  da ta  o b t a i n e d ,  p r o c e s s i n g  
done a c c o r d i n g  t o  t h e  method of  least  s q u a r e s ,  where in  e a c h  
i n d i v i d u a l  p o i n t  i s  g i v e n  a c o r r e s p o n d i n g  s t a t i s t l c a l  we igh t .  The 
original p o i n t s  P and T from t h e  measurements o f  e a c h  s t a t i o n  were 

-- 
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Fig .  36. Atmospheric t e m p e r a t u r e  
and p r e s s u r e  v s .  t i m e  -- a c c o r d i n g  
t o  t h e  measurements of Venera-4, 
Venera-5, and Venera-6. The 
s o l i d  c u r v e s  a r e  a polynomia l  
a p p r o x i m a t i o n .  The elapsed t i m e  t 
for e a c h  exper iment  i s  Moscow t i m e  
a t  r e c e p t i o n  o f  s i g n a l  on E a r t h .  
The times o f  b e g i n n i n g  and end of  
measurements a re  n o t e d .  The dashed 
l i n e  i s  t h e  p o r t i o n  e x t r a p o l a t e d  
for p r e s s u r e  as measured by Venera-4 
u n t i l  t h e  moment tempera ture  measure-  
men t s  ceased. 

approximated by 
n-degree p o l y n o m i a l s .  
The formal  e r r o r ,  
which i s  d e t e r m i n e d  
by t a k i n g  t h e  s p e c i -  
f i e d  e r r o r s  o f  
measurement, t e l eme t ry  
d i s c r e t i o n ,  and 
t h e  p r o c e s s i n g  method 
i n t o  a c c o u n t ,  d o e s  
n o t  exceed ,  f o r  
t e m p e r a t u r e  and 
p r e s s u r e ,  OTP 
5 - 10% of t h e  
ra ted  v a l u e s  ( a t  n = 
2 - 3 ) .  

I n  a n  exper iment  
on t h e  Venera-7 
s t a t i o n  ( c f .  Fig. 37)  
one i n s t r u m e n t  
measured t e m p e r a t u r e  
u n i n t e r r u p t e d l y  from 
t h e  l e v e l  T = 3 3 3 O K  down 
t o  t h e  p l a n e t a r y  
s u r f a c e .  But t h e  
onboard t e l e m e t r y  
commutators d i d  n o t  
s u c c e s s i v e l y  i n t e r r o -  
gate  t h e  v a r i o u s  
s e n s o r s ,  and u n f o r -  
t u n a t e l y  t h i s  d i d  
n o t  a l l o w  u s  t o  make 
measurements of 
a t m o s p h e r i c  p r e s s u r e ,  
a n  a l t i t u d e  p r o f i l e  
f o r  which was o b t a i n e d  
by c a l c u l a t i o n .  The 
v e r t i c a l  segments on 
t h e  c u r v e  T ( t )  (which- 
approximates  t h e  
e x p e r i m e n t a l  da t a )  
d e n o t e  t h e  l i m i t i n g  v 

e r r o r s  i n  t h e  measurement o f  t e m p e r a t u r e .  A s  i s  s e e n  f rom F i g .  37 
t h e  t e m p e r a t u r e  i n c r e a s e d  w i t h o u t  i n t e r r u p t i o n  and,  a t  t h e  moment 
o f  l a n d i n g  on t h e  s u r f a c e ,  r e a c h e d  747OK. A n a l y s i s  of r a d i o  s i g n a l s  
b y  Aleksandrov e t  a1 a f t e r  l a n d i n g  C91 showed t h a t  t h i s  v a l u e  
remained unchanged for 50 s e c ;  t h e r e u p o n ,  a t e m p e r a t u r e  c o r r e s p o n d i n g  
t o  t h e  p r e v i o u s  te lemetry g r a d i e n t ,  which was 17OK l o w e r ,  was 
r e c o r d e d .  It i s  p o s s i b l e  t o  e x p l a i n  t h i s  change b y  k e e p i n g  i n  mind 
t h a t  t h e  t e m p e r a t u r e  of  747OK was w i t h i n  s e v e r a l  d e g r e e s  o f  t h e  
boundary o f  t r a n s i t i o n  from one t e l e m e t r y  g rad ien t  t o  a n o t h e r .  I n  
t h i s  c a s e ,  even a n  i n s i g n i f i c a n t  change i n  t h e  c o n d i t i o n s  o f  h e a t  
t r a n s f e r  between t h e  s e n s o r  and t h e  s u r r o u n d i n g  medium a f t e r  

i 
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l a n d i n g  can  b r i n g  a b o u t  a t r a n s i t i o n  t o  t h e  p r e v i 3 u s  t e l e m e t r y  
g r a d i e n t  o f  T = 7 3 O O K .  T h e r e f o r e ,  a temperature IFs = 7 4 7  + 20°K 
can  b e  a c c e p t e d  as t h e  most r e l i a b l e  t e m p e r a t u r e  of t h e  Venusian 
n i g h t  a tmosphere a t  t h e  s u r f a c e  a t  t h e  Venera-7 l a n d i n g  s i t e .  

T h i s  same graph g i v e s  t h e  r e s u l t s  o f  t e m p e r a t u r e  and p r e s s u r e  
measurements o f  t he  Venusian atmosphere on t h e  da;r s i d e  -- as  i n  
t h e  data  of  Venera-8. The d e s i g n a t e d  e x p e r i m e n t a l  p o i n t s  c o r r e s p -  
ond t o  t h e  r e a d i n g s  of  i n d i v i d u a l  s e n s o r s .  The i jo l id  c u r v e s  T ( t )  /111 
and P ( t )  a r e  t h e  r e s u l t s  o f  a v e r a g i n g  t h e  e x p e r i m e n t a l  p o i n t s  by  
a p p r o x i m a t i n g  polynomia ls .  The dashed l i n e  designates t h e  
p r i n c i p a l  i n t e r v a l s .  The greatest  u n c e r t a i n t y  o c c u r s  a t  t h e  
b e g i n n i n g  o f  measurements of p r e s s u r e  -- because  of t h e  s i g n i f i c a n t  
e r r o r s  of  s e n s o r s  w i t h  l a rgs  measuring r a n g e s ;  t h e r e f o r e ,  i n  t h e  
i n t e r v a l  up t o  P 5 5 kg/cm , the  measurement d a t a  were r e f i n e d  
by t a k i n g  i n t o  account  t h e  a d d i t i o n a l  c h a r a c t e r i s t i c s  o f  t h e  a e r o -  
dynamics o f  p a r a c h u t e  d e s c e n t .  The a tmospher ic  t e m p e r a t u r e  and 
p r e s s u r e  changed smoothly from v a l u e s  of 300°K and 0 . 7  kg/cm2 
a t  t h e  b e g i n n i n g  o f  measurements t o  7 4 3 O K  and 93  I:g/cm2 a t  t h e  
moment t h e  a p p a r a t u s  l a n d e d  on t h e  s u r f a c e ;  t h e r e a f t e r  t h e y  
remained unchanged. By t a k i n g  i n t o  account  poss i t ) l e  errors o f  
measurement on t h e  s u r f a c e  a t  t h e  Venera-8 l a n d i n g  s i t e ,  we have 
T = 743 - + 8 O K  and P = 93 - + 1 . 5  kg/cm2. 

by Venera-4 and Venera-5 [l, 4 1 .  The v a l u e s  for c .ens i ty  can b e  
c a l c u l a t e d  a l s o  from t h e  e q u a t i o n  of  s t a t e  a t  a nc l lecular  weight  
E c o r r e s p o n d i n g  t o  t h e  measured a tmospher ic  composi t ion  of Venus. 
A s  i s  e v i d e n t  from Fig .  3 8 ,  d e n s i t y  measurement d s t a  do n o t  agree 
w i t h  t h e  r e s u l t s  o f  c a l c u l a t i o n s  based on t h e  measured v a l u e s  f o r  
p r e s s u r e  and t e m p e r a t u r e  a t  a c o n s t a n t  m o l e c u l a r  h e i g h t .  I n  t h e  / 1 1 2  
c a s e  of Venera-4, a n  i n v e r s i o n  pme ( t )  o c c u r r e d  i r  a t e m p e r a t u r e  
r a n g e  o f  a b o u t  380 - 4 5 0 ° ,  which a t  a maximum c o r r e s p o n d s  e i t h e r  
t o  1.1 = 57 o r  (assuming a p o l y t r o p i c  gas s t a t e )  t o  a r e a d i n g  of  a 
c o n d i t i o n a l  p o l y t r o p e  n = 1.65 3. 
tion in the profile p ( t >  from what had been c a l c u l a t e d  w a s  observed 
from l e v e l  T ? 4 0 0  O C  and i n c r e a s e d  c o n t i n u o u s l y  u n t i l  i t  r e a c h e d  
a maximum v a l u e  a t  t h e  end of  t h e  d e s c e n t ,  at T = 6 0 0 ~ ~ .  In the 
p r o c e s s ,  t h e  s t a b i l i t y  c o n d i t i o n  i s  n o t  u p s e t ;  however, u s i n g  t h e  
gas s t a t e  e q u a t i o n  leads,  as  i n  t h e  case of  Vener~.-4,  t o  u n r e a l i s -  
t i c a l l y  h i g h  v a l u e s  f o r  E. The r e s u l t s  o f  repeatcld l a b o r a t o r y  
t e s t s  d i d  n o t  a l l o w  u s  t o  r e p r o d u c e  p r o f i l e s  p similar to t h o s e  
measured i n  v a r i o u s  C O 2  gaseous m i x t u r e s .  The phenomena observed  
w h i l e  t h e  d e n s i m e t e r s  were o p e r a t i n g  cannot  be Expla ined  u n l e s s  
a h y p o t h e s i s  i s  i n t r o d u c e d  a b o u t  t h e  p r e s e n c e  of  d u s t  o r  any l i q u i d  
or s o l i d  admixture  i n  t h e  atmosphere;  however, a d d i t i o n a l  sub- 
s t a n t i a t i o n  i s  nece'ssary for t h i s .  A t  t h e  same t i m e ,  t h e  e x i s t e n c e  
of even  r e l a t i v e l y  small c o n c e n t r a t i o n s  of  such  a d m i x t u r e s ,  which 

T h i s  l a s t  d o e s  n o t  agree w i t h  n o t i o n s  about  t h e  s t a b i l i t y  o f  a 
carbon d i o x i d e  atmosphere a t  these a l t i t u d e s  a t  c o r r e s p o n d i n g  
measured v a l u e s  P and T. 

-- 

F i g .  38 shows t i m e  v s .  t h e  c u r v e s  of d e n s i t b  v a r i a t i o n  o b t a i n e d  

I n  the case o f  Venera-5, t h e  d e v i a -  
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F i g .  37. Atmospheric t e m p e r a t u r e  
and p r e s s u r e  v s .  t i m e  -- a c c o r d i n g  
t o  Venera-7 and Venera-8 measure- 
ments .  The s o l i d  c u r v e s  are a 
polynomia l  approximat ion ,  t h e  
dashed l i n e  i s  t h e  measur ing  
i n t e r v a l s ,  t h e  v e r t i c a l  l i n e  on 
c u r v e  T ,  V-7, i n d i c a t e s  t h e  maximum 
p o s s i b l e  e r r o r  of  measurements.  
The d e s i g n a t i o n s  of  t h e  s e n s o r s :  
1. T1, 5 0  - 590°C;  2 .  T2, 2 0 0  - 
4 3 5 O C ;  3.  T 3 ,  395 - 5 4 O o C ;  
4. T 4 ,  20 - 6 O 5 O C ;  5. D1, 0 - 
8 3  kg/cm2; 6 .  D 2 ,  0 - 1 0 0  kg/cm2; 
7. D 3 ,  0 - 200 kg/cm2; 8 .  D 4 ,  
0 - 150 kg/cm2. The v e r t i c a l  
l i n e s  w i t h  the hash ing  a re  l a n d i n g  
times. 

Key: a .  Min (Venera-7)  
b . kg/cm2 
c .  Min (Venera-8) 

ORIGINAL PAGE Is 
:,DF POOR QUALITY 

have no n o t i c e a b l e  e f f e c t  on 
t h e  v a l u e  and which t h e r e f o r e  
do n o t  a p p e a r  i n  measurements P 
i n  any way, c o u l d  b e  d e t e r -  
mined t o  have a n  e f f e c t  on 
d e n s i m e t e r  r e a d i n g s  b e c a u s e  
of t h e i r  o p e r a t i n g  p r i n c i p l e s .  

D e t e r m i n a t i o n  o f  
d e s c e n t  v e l o c i t y .  
V a r i a t i o n  w i t h  
a l t i  

a p p a r a t u s  i n  t h e  a tmosphere  
and on t h e  d i s t a n c e  covered  
have a d i r e c t  G e a r i n g  on 
a n a l y s i s  o f  t h e  s t r u c t u r e  and 
dynamics of  t h e  a tmosphere .  
They e n a b l e  u s  t o  e v a l u a t e  
t h e  c h a r a c t e r  and i n t e n s i t y  
o f  a t m o s p h e r i c  motion and t o  
o b t a i n  altitude p r o f i l e s  o f  
a tmospher ic  p a r a m e t e r s  when 
it i s  i m p o s s i b l e  t o  
c o r r e l a t e  t h e  measured 
c u r v e s  T ( t )  and P ( t >  a t  
any g i v e n  moment t t o  t h e  
measured v a l u e s  of a l t i t u d e  
above t h e  s u r f a c e  h ( t ) .  
For  t hese  p u r p o s e s ,  one 
may u s e  t h e  r e s u l t s  o f  t h e  
measurements o f  a t m o s p h e r i c  
p a r a m e t e r s  as a f u n c t i o n  of 
t ime t o g e t h e r  with t h e  
known r e l a t i o n s  f o r  a t m o s p h e r i c  
gas and t h e  aerodynamics o f  
an a p p a r a t u s  d e s c e n d i n g  by 
p a r a c h u t e  [97]. 

We w i l l  assume t h a t  /113 
t h e  atmosphere o f  Venus 
i s  i n  c o n d i t i o n s  o f  hydro- 
s t a t i c  e q u i l i b r i u m  and tha t  

t h e  aerodynamic d r a g  c o e f f i c i e n t  of t h e  d e s c e n t  a p p a r a t u s  remains  
t h e  same d u r i n g  d e s c e n t .  Then, w i t h  t h e  known gaseous  c o m p o s i t i o n  
of t h e  atmosphere,  t h e  d e s c e n t  v e l o c i t y  and t h e  d i s t a n c e  descended 
d u r i n g  p a r a c h u t e  d e s c e n t  as a f u n c t i o n  o f  d e s c e n t  t i m e  v ( t )  and 
z ( t )  can  b e  c a l c u l a t e d  a c c u r a t e l y  from measured P ( t ) ' s  and T ( t ) ' s  
from t h e  h y d r o s t a t i c  and g a s  s t a t e  e q u a t i o n s  and a lso by u s i n g  
t h e  e q u a t i o n  of  quas i -uni form p a r a c h u t e  d e s c e n t  v e l o c i t y .  The 
assumpt ion  t h a t  i n  a q u i e t  a tmosphere ,  t h e  DA moves w i t h  a v e l o c i t y  

- tha t  i s  n e a r l y  t h e  same as t h e  v e l o c i t y  o f  quas i -uni form d e s c e n t ,  

80 

i 



i s  c o m p l e t e l y  j u s t i f i e d .  N o n s t a t i o n a r i t y  can have a small  e f f e c t  
o n l y  a t  h i g h  v e l o c i t i e s  of  motion,  and its e f f e c t  d e c r e a s e s  
p r o p o r t i o n a t e l y  t o  t h e  cube of  v e l o c i t y .  

ORIGINAL PAGE # 
The e q u a t i o n s  have t h e  

form 

I '  I' - !I' ?'. 
Ii 

( I V . 3 )  

(IV.4) 

where g i s  t h e  g r a v i t a t i o n a l  9 F i g .  38. Atmospheric d e n s i t y  v s .  
t i m e  -- a c c o r d i n g  t o  Venera-4 and a c c e l e r a t i o r i  for Venus 
Venera-5 measurements ( s o l i d  ( e q u a l  t o  880 cm/sec*),  M i s  
c u r v e s ) .  The dashed l i n e  i s  c a l -  t h e  mass o f  t h e  d e s c e n t  
c u l a t e d  a c c o r d i n g  t o  t h e  hydro- 
s t a t i c  e q u a t i o n  2nd measured P d e n s i t y  of t e d e s c e n t  
and T a t  ; = 4 3 . 4 .  

Key: a .  kg/m3 

t h e  b a l a n c e  a n g l e  01 4, F i s  t h e  c r o s s  s e c t i o n  arez,  v i s  t h e  d e s c e n t  
v e l o c i t y  r e l a t i v e  t o  t h e  s u r f a c e ,  v '  i s  t h e  descerlt  v e l o c i t y  
r e l a t i v e  t o  t h e  g a s ,  p i s  t h e  a tmospher ic  d e n s i t y ,  R i s  t h e  u n i v e r s a l  
gas  c o n s t a n t ,  i s  t h e  mean molecular  weight,  z i E  t h e  v e r t i c a l  
d i s t a n c e  descended ,  and t i s  e l a p s e d  t i m e .  

a p p a r a t u s ,  61 A is t h e  mean 

a p p a r a t u s ,  (',(a) i s  t h e  a e r o -  
dynamic drag: c o e f f i c i e n t  o f  
a 'IDA paracklute" sys tem a t  
a n  a n g l e  o f  a t t a c k  e q u a l  t o  

R 

/11.4 From ( I V . 3 )  w e  have -- 

I 't 

From ( I V . 5 )  t h e r e  follows d i r e c t l y  

(1v.6) 

(1v.8) 

t 

For t h e  p a r a c h u t e s  used on t h e  Venera s t a t i o n s ,  t h e  v a l u e  of  t h e  4 

a n g l e  a was i n s i g n i f i c a n t ,  i . e . ,  t h e  l o n g i t u d i n a l  a x i s  of t h e  
"DA p a r a c h u t e "  system c o i n c i d e d  p r a c t i c a l l y  w i t h  t h e  d i r e c t i o n  o f  
t h e  oncoming f low.  
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I n  t h i s ,  t h e  v e r t i c a l  and h o r i z o n t a l  components o f  d e s c e n t  
v e l o c i t y  a r e  w r i t t e n  i n  t h e  form r 

where y o  i s  t h e  p l a n i n g  a n g l e .  On p a r a c h u t e  d e s c e n t ,  one may assume 
v '  = V I  w i t h o u t  much e r r o r ;  i . e .  t h e  DAIS own motion i n  t h e  a b s e n c e  OF wind i s  v e r t i c a l .  
t e s t s .  Accord ingly  

T h i s  d o e s  n o t  c o n t r a d i c t  da ta  f r o m  ground 

( I V . 1 0 )  

'The e r r o r  o f  measurement of  v e l o c i t y  and d i s t a n c e  i n  t h e s e  
cases i s  u s u a l l y  a f r a c t i o n  o f  a n e t e r  p e r  second and a f r a c t i o n  
of  a k i l o m e t e r  r e s p e c t i v e l y .  

The t ime dependences o f  d e s c e n t  v e l o c i t y  v and d i s t a n c e  z f o r  
t h e  Veneras-4 - -6 ,  as c a l c u l a t e d  from (1v.6) and ( I V . 7 )  are 
g i v e n  i n  F i g .  39 ( t h e  dashed l i n e s  are  v e l o c i t y ,  t h e  s o l i d  l i n e s  
a re  d i s t a n c e ) .  C a l c u l a t i n g  v ' ( t )  and z ( t )  f o r  f o r m u l a s  (1v.8) 
and ( IV.10)  g i v e s  n e a r l y  c o i n c i d e n t  c u r v e s .  The a t m o s p h e r i c  
l e v e l  where p r e s s u r e  i s  0.6 kg/cm2 i s  a c c e p t e d  .as a basis of  
i n t e g r a t i o n  for d i s t a n c e  (up  t o  down). The  v a l u e s  f o r  d e s c e n t  / l l 5  
velocity are i n d i c a t e d  on t h e . s a m e  a x i s .  O n  t h e  right, v a l u e s  for 
p r e s s u r e  a re  e n t e r e d ;  these c o r r e s p o n d  t o  a s c a l e  of  h e i g h t  z 
a l o n g  t h e  o r d i n a l  a x i s  i n  a c c o r d  w i t h  t h e  Venusian a t m o s p h e r i c  model 
g i v e n  i n  t h e  Appendix. For  convenience  i n  p l o t t i n g ,  t h e  t i m e  
s c a l e  on t h e  a b s c i s s a  i s  t a k e n  t o  be  v a r i a b l e  I n  c o n n e c t i o n  w i t h  t h e  
s u b s t a n t i a l l y  d i f f e r e n t  times o f  t h e  A I S ' S  d e s c e n t  i n  t h e  a tmosphere .  

It  f o l l o w s  from t h e  c a l c u l a t i o n s  t h a t  v a l u e s  o f  v e l o c i t y  on 
d e s c e n t  i n t o  t h e  Venusian atmosphere v a r i e d  m o n o t o n i c a l l y  w i t h i n  
t h e  l i m i t s  11-3 m/sec f o r  Venera-4, 32-6 m/sec for Venera-5, and 
22-6 m/sec f o r  Venera-6. Venera-4 t o o k  measurements from t h e  
moment t h e  main p a r a c h u t e  deployed  u n t i l  r a d i o  communications w i t h  
t h e  s t a t i o n  c e a s e d  a f t e r  a d e s c e n t  o f  28 km. For Venera-5, t h i s  11-16 
f i g u r e  i s  36 .7  km. F o r  Venera-6, t h i s  f i g u r e  i s  34.2 k m .  

The c u r v e s  z ( t >  on F i g .  39 a c c u r a t e l y  cor respond t o  a l t i t u d e s  
of  t h o s e  measurements of a t m o s p h e r i c  p a r a m e t e r s  i n  t h e  i n t e r v a l  
between t h e  b e g i n n i n g  o f  d e s c e n t  and t h e  t e r m i n a t i o n  o f  r a d i o  
communications.  It i s  e v i d e n t  t h a t ,  i n  o r d e r  t o  e s t a b l i s h  what 
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l e v e l s  i n  t h e  atmosphere t h e  curve  z ( t )  r e f e r  t o ,  a t  least  one 
measurement o f  t h e  t r u e  a l t i t u d e  above t h e  s u r f a c e  d u r i n g  d e s c e n t  
o r  a knowledge o f  t h e  moment o f  l a n d i n g  on t h e  sui-face i s  needed.  

By comparing the  Venera-4 measured v a l u e s  T and  P w i t h  t h e  
r e s u l t s  of  ground r a d i o  measurements and Mariner-!, data,  i t  s h o u l d  
have been e x p e c t e d  t h a t ,  a t  t h e  most p r o b a b l e  v a l u e  for t h e  radar 
r a d i u s  of  Venus, t h e  atmosphere was much d e e p e r  t h a n  t h e  l e v e l  
at which Venera-4 ceased  measurements [3 ,  87 ,  95 ,  2911. T h e  
e x p e r i m e n t s  on Venera-5 and Venera-6 make i t  poss: tble  t o  implement 
a more r e l i a b l e  c o r r e l a t i o n  t o  t h e  s t a g e s  o f  d e s c e n t .  The a r rows  
on F i g .  39 i n d i c a t e  t h e  d i s t a n c e s  from e a c h  a p p a r a t u s  t o  t h e  s u r f a c e ;  
t h e  radar a l t imeter  de te rmined  t h e  d i s t a n c e s  a t  moments when 
r a t ed  a l t i t u d e  v a l u e s  were passed  (hl  , h25 and h. f o r  Venera-5; 
h16 and h 6 f o r  Venera-6).  These d i s z a n c e s  a l l o w - u s  t o  e s t a b l i s h  
a c o r r e l a g i o n  between a tmospher ic  p a r a m e t e r s  and a l t i t u d e  above t h e  
s u r f a c e .  The d i s t a n c e s  cor respond t o  i n t e r v a l s  between t h e  markings 
on t h e  radar a l t imeter  and c a n  b e  compared w i t h  v a l u e s  f o r  d i s t a n c e  
c a l c u l a t e d  from t h e  h y d r o s t a t i c  e q u a t i o n .  For easy comparison,  
t h e  b a s i c  da ta  a re  g i v e n  i n  T a b l e  10, where h R A  ai’e t h e  a l t i t u d e s  
t h a t  c o r r e s p o n d  t o  t h e  markings on t h e  radar a l t i r i e t e r ,  AhRA are  
t h e  d i f f e r e n c e s  i n  t h e  v a l u e s  f o r  d i s t a n c e ,  as de termined  by t h e  
markings o f  t h e  radar  a l t ime te r ,  Az are segments Lhat cor respond t o  
t h e  momentswhen a l t i t u d e  measurements were made of’ t h e  d i s t a r . c e  
t r a v e l l e d ,  as  c a l c u l a t e d  from formula  ( I V . 3 ) .  

j5 

A s  I s  e v i d e n t ,  t h e  segments t h a t  e a c h  apparE!tus t r a v e l l e d ,  
which a re  d e f i n e d  as t h e  d i f f e r e n c e  i n  a l t i t u d e s  between s u c c e s s i v e  
markings on t h e  radar a l t i n e t e r ,  a re  i n  s a t i s f ac t c l ry  agreement with 
what i s  c a l c u l a t e d  from formula  ( I V . 7 ) .  The s l i g h t  d e v i a t i o n s  1117 
(less t h a n  1.3 km) shown i n  Fig. 39 and T a b l e  1 0  E.re w i t h i n  t h e  
bounds o f  the errors of  altitude measurements and can be explained, 
moreover ,  by  t h e  re l ie f  o f  t h e  l o c a l i t y  w i t h  a p o s s i b l e  s i d e w i s e  
wind d r i f t  o f  t h e  apparat i .  

F i g .  39 a l s o  g i v e s  t h e  c o n d i t i o n a l  mean sur f ’aces  f o r  e a c h  
a p p a r a t u s ;  t h e s e  a r e  o b t a i n e d  by an  a r i t h m e t i c  a v e r a g i n g  of t h e  
measured a l t i t u d e s  wi th  weights i n v e r s e l y  p r o p o r t i . o n a 1  t o  t h e  
e r r o r s  o f  measurements.  By making u s e  o f  t h e  c o n c . i t i o n  t h a t  
a t m o s p h e r i c  p r e s s u r e  i s  i d e n t i c a l  on a n  e q u i p o t e n t i a l  l e v e l ,  one 
c a n  compare t h e  l a n d i n g - s i t e  r e g i o n s  o f  Venera-5 m d  Venera-6. As 

P = 6.6  kg/cm2; t h i s  was t h e  f i r s t  r e a d i n g  o f  t h e  Venera-5 
radar a l t ime te r  and it was c l o s e ,  a t  P = 6 .8  kg/cn?, t o  t h e  f irst  
r e a d i n g  of  t h e  Venera-6 radar a l t imeter .  The l o c a t i o n  o f  t h i s  
l e v e l  above t h e  c o n d i t i o n a l  mean s u r f a c e  de te rmined  from t h e  
Venera-5 measurements i s  h = 40.6 km; and above t h e  c o n d i t i o n a i  

a r e f e r e n c e ,  l e t  u s  take the  e q u i p o t e n t i a l  l e v e l  w i t h  pressure / I 1 8  

y5 
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Fig .  39. Descent  v e l o c i t y  and 
d i s t a n c e  v s .  t i m e  f o r  Venera-4, 
Venera-5 and venera-6 and r e l a t i o n  t o  
a l t i t u d e  above t h e  s u r f a c e .  The 
s o l i d  l i n e s  -- t h e  d i s t a n c e  z 
t r a v e l l e d  i n  t he  a tmosphere ,  t h e  
dashed l i n e  -- t h e  descent  
v e l o c i t y  v .  The times of para- 
c h u t e  r i f f l i n g  and t e r m i n a t i o n  
of measurements a r e  marked. On 
t h e  r i g h t  o r d i n a l  ax i s  -- a p r e s s u r e  
s c a l e  c o r r e s p o n d i n g  t o  t h e  a l t i t u d e  c o r -  
l a t i o n  t o  measured data .  The c i r c l e s  
on c u r v e s  z, V-5, and z ,  V-6, 
are  t h e  moments f o r  which radar  
a l t i m e t e r s  made a d e t e r m l n a t i o n  of  
a l t i t u d e  above t h e  s u r f a c e .  The 
v e r t i c a l  l i n e  segments  cor respond 
to values f o r  altitude. The straight 
l i n e s  w i t h  a r rows  e x t e n d e d  below the  
e q u i p o t e n t i a l  l e v e l  ( P  = 6 . 6  kg/cm2) 
i n d i c a t e  t h e  l o c a l  l e v e l s  and t h e  mean 
l e v e l  o f  t h e  s u r f a c e  a c c o r d i n g  
t o  a n  aggregate o f  a l l  a l t i t u d e  
measurements . 
Key: a.  E q u i p o t e n t i a l  l e v e l  

b .  P a r a c h u t e  r i f f l i n g  
e .  Termina t ion  of measurements 
d .  kg/cm2 
e. m/sec 

by  Venera-6 measurements,  

When t h e  f i r s t  r e a d i n g s  of  
t h e  radar a l t imeters  o f  
Venera-5 and Venera-6 
a r e  matched i n  t h i s  way,  
t h e  c u r v e s  o f  h e i g h t  
v s .  t i m e  z ( t )  f o r  b o t h  
a p p a r a t i  n e a r l y  c o i n c i d e .  
Taking t h e  f o l l o w i n g  
v a l u e s  of measured a l t i t u d e s  
i n t o  a c c o u n t ,  t h e  mean 
(between h y  and h y  ) 
d i s t a n c e  f r a m  t h e  e 8 u i -  
p o t e n t i a l  l e v e l  P = 6.6  
a t m  i s  E = 36.8 km. The 
graph  i n  F i g .  39 
i l l u s t r a t e s  t h i s .  

i t  I S  hY6 = 33.0 km. 

Table  1 0  g i v e s  e s t i -  
mates of  how p r e c i s e  
t h e  a l t i t u d e  measurements 
o f  Venera-5 and Venera-6 
were.  The q u a d r a t i c  mean 
e r ro r  of measurements 
U R A  i s  made up o f  t h e  
independent  i n s t r u m e n t  
e r r o r s  ai and  t h e  
m e t h o d o l o g i c a l  e r rors  am. 
By u i  i s  meant t h e  
q u a d r a t i c  mean e r r o r  of 
the c a l i b r a t i o n  of t h e  
radar a l t ime te r ,  and 
by am i s  meant t h e  
m e t h o d o l o g i c a l  q u a d r a t i c  
mean e r r o r  of  d e t e r m i n i n g  
a l t i t u d e  from t h e  peak 
" e n  v e 1 op e " w h i 1 e k e e p 1 n g 
i n  mind t h e  d i f f e r e n c e  
between t h e  law o f  
i n v e r s e  s c a t t e r i n g  of 
r a d i o  waves b y  t h e  p l a n e t a r y  
s u r f a c e  and s p e c u l a r  
s c a t t e r i n g ,  as w e l l  as t h e  
d i s c r e t e  c h a r a c t e r  of  t h e  
t ransmi s s i o n s  o f 'I e n v e l o p e s  'I 
i n  t i m e  and a m p l i t u d e .  

The q u a d r a t i c  mean e r ror  of  t h e  d e t e r m i n a t i o n  o f  t h e  d i f f e r e n c e  i n  
a l t i t u d e s  h15 and h16 on t h e  e q u i p o t e n t i a l  l e v e l  i s  e q u a l  t o  

oHA d s t a n c e  between t h e  c o n d i t i o n a l  mean s u r f a c e s  ( f rom Venera-5 and 
1 . 4  km, whi le  t h e  q u a d r a t i c  mean e r r o r  i n  t h e  d e t e r m i n a t i o n  of  

h 

c 
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T A B L E  1 0 .  RADAR A L T I M E T E R  R E A D I N G S  AND A C O M P A R I S O N  BETWEEN T H E S E  
R E A D I N G S  AND THE R E S U L T S  OF C A L C U L A T I O N S  A C C O R D I N G  TO THE HYDRG- 

S T A T I C  E Q U I L I B R I U M  E Q U A T I O N  

I 

. . .  , ! 

* I n c l u d e s  e x t r a p o l a t i o n  of  t h e  l a s t  radar a1 t ime te : r  r e a d i n g s .  

Venera-6 da ta )  t a k i n g  the  aggrega te  o f  a l l  a l t i t u d e  measurements 
i n t o  account  i s  ORA = 1 . 0  km. E r r o r s  i n  e s t i m a t i n , z  h and h 
de te rmined  independen t ly  f o r  each  a p p a r a t u s ,  t u r n  o u t Y 5 t o  b e  
v a r i a b l e :  f o r  the  r e g i o n  of t h e  Venera-5 desceng,  0x2 = 1 . 2  km, 
w h i l e  f o r  t h e  r e g i o n  of t h e  Venera-6 d e s c e n t  uy  = 1 . 4  km.  If 
t h e  maximum d e v i a t i o n s  a r e  d e s c r i b e d  by t h e  va!?de 3a, t h e n  w e  
obtain 

~ 6 '  

i, ., : i l1.11 2 7 kr;:. ,, .).;.!I <.:!km. 

The d i f f e r e n c e s  d between Ah 
viewed as  random e r r o r s  of rn&surernents, s tag w i t h i n  t h e  l i m i t s  
- + ORA f r o m  measured a l t i t u d e s .  

w i t h  a concep t ion  o f  mean s u r f a c e  f o r  t h a t  r e g i o n  of t h e  p l a n e t  
which i s  covered  i n  t h e  measurements o f  b o t h  a p p a r a t i  and which 
i s  a t  t h e  a v e r a g e  d i s t a n c e  h = 36.8 km from a e q u i p o t e n t i a l  
l e v e l  w i t h  P = 6 . 6  atm. According t o  t h e  measurements o f  Venera-5 
and Venera-6, l o c a l  s u r f a c e  l e v e l s  t u r n  oLit t o  be  s i t u a t e d  
A 5  = 3.8 km above a n  below t e mean. Taking t h e  p r e v i o u s l y  
de te rmined  v a l u e s  u 

and 5 2 ,  g i v e n  i n  Table  1 0  and 

The r e s u l t s  of  t h i s  examinat ion  p r o v i d e  a r e a s o n  t o  b e g i n  /119 

and o u t  i n t o  a c c o u n t ,  i t  i s  p o s s i b l e  t o  
RA RA 
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d e s i g n a t e  t h e  v a l u e s  5 = (AE A 3.4 km) as t h e  maximum d e v i a t i o n s  
from t h e  p o s i t i o n  of t h e  mean s u r f a c e ;  however, t h e s e  v a l u e s  a r e  
much less p r o b a b l e .  It i s  p o s s i b l e  t o  assume t h a t  t h e  d i f f e r e n c e  
i n  t h e  p o s i t i o n  o f  l o c a l  s u r f a c e s  i s  connec ted  w i t h  t h e  p l a n e t a r y  
r e l i e f  i n  t h e  area of d e s c e n t .  I f  Venera-5 and Venera-6 s e t  down 
a t  a d i s t a n c e  d = 3 0 0  km a p a r t  from each  o t h e r  ( T a b l e  7 ) ,  a mean 
s l o p e  of  t h e  s u r f a c e  8 = 1.5’ must cor respond t o  t h i s  f a l l  i n  
a l t i t u d e .  

On Venera-7 and Venera-8 t h e  d e s c e n t  v e l o c i t y  of t h e  a p p a r a t i  
i n  t h e  Venusian a tmosphere  v ( t )  was de termined  i n d i r e c t l y :  f r o n  the  
f requency  d e v i a t i o n  of  a s i g n a l  r e c e i v e d  on E a r t h  from a r e f e r e n c e  
f requency  f, of  t h e  onboard o s c i l l a t o r .  
z ( t ) ,  shown i n  F i g .  40 cor respond t o  t h e  f requency  v a r i a t i o n  
r e c o r d e d .  From a n  e x a m i n a t i o n  of t h e  c u r v e  v ( t ) ,  i t  i s  q u i t e  
c l e a r  how t h e  d e s c e n t  o f  Venera 7 took  p l a c e , D s p e c i f i c a l l y ,  
t h e  p a r a c h u t e  deployed  a t  8 : 1 3 : 0 3  and t h e  d e s c e n t  v e l o c i t y  i n c r e a s e d  
a t  8:19:08; t h i s  i s  shown i n  t h e  b e h a v i o r  o f  t h e  c u r v e  T ( t )  i n  
F ig .  37. Landing o c c u r r e d  a t  8:37:32 a t  a v e l o c i t y  o f  a b o u t  
1 6  m/sec. A t  t h i s  moment, an  a b r u p t  change i n  t h e  f r e q u e n c y  o f  
t h e  r e c e i v e d  s i g n a l  ( a  f requency  r e c o i l )  was r e c o r d e d ;  here ,  the  
d e s c e n t  v e l o c i t y  r e l a t i v e  t o  t h e  p l a n e t  of  c o u r s e  dropped t o  
z e r o .  

The c u r v e s  v , ( t )  and 

C a l c u l a t i o n  of  t h e  d e s c e n t  v e l o c i t y  was done by  v a r i o u s  methods 
u s i n g  t h e  r e l a t i o n s  ( I V . 6 )  and ( I V . 8 ) .  I n  a d d i t i o n  t o  t h e  
measured t e m p e r a t u r e  T m e a ( t ) ,  i? modelled dependence p ( h ) ,  which 
c o r r e s p o n d s  t o  t h e  assumpt ion  t h a t  t h e  atmosphere i n  t h e  e n t i r e  area 
o f  d e s c e n t  was a d i a b a t i c ,  was a l s o  used.  The computed c u r v e s  a re  i n  
good agreement  w i t h  t h e  measured c u r v e  v ( t )  on segments where a e r o -  
dynamic c h a r a c t e r i s t i c s  d i f f e r e d  l i t t l e  from what h a s  been 
c a l c u l a t e d .  

The v a l u e  o f  d i s t a n c e  covered  z ( t ) ,  which was c a l c u l a t e d  frond- 
t h e  measured v e l o c i t y  v D ( t )  i s  shown i n  F i g .  4 0  as a s o l i d  l i n e .  
The d i s t a n c e  Venera-7 covered  from t h e  moment i t  began measurements 
u n t i l  i t  l a n d e d  on t h e  s u r f a c e  was z = 5 5 . 1  3 km. The i n d i c a t e d  
d e v i a t i o n s  are  due t o  t h e  a c c u m u l a t i o n  o f  e r r o r s  of measurements 
vD ( =  1 . 5  m/sec) i n  t h e  i n t e r v a l  o f  i n t e g r a t i o n .  
b y  s t a r t i n g  w i t h  t h e  assumpt ion  t h a t  t h e  atmosphere i s  a d i a b a t i c ,  
i t  i s  p o s s i b l e  t o  o b t a i n  t h e  c a l c u l a t e d  v a l u e  z ( t )  from t h e  
measured t e m p e r a t u r e  T m e a ( t )  d i r e c t l y ,  w i t h o u t  r e s o r t i n g  t o  t h e  
i n t e g r a t i o n  o f  v ( t ) ;  t h i s  can  be done by  u s i n g  t h e  f i r s t  law o f  
thermodynamics TdS = d i  -- dp/p,  t h e  h y d r o s t a t i c  e q u a t i o n  ( I V . 3 )  
and t h e  i s o e n t r o p y  c o n d i t i o n  dS = 0 .  Then, i n  f i n i t e  i n c r e m e n t s ,  
w e  can  w r i t e  

L e t  u s  n o t e  t h a t ,  

( I V . 1 1 )  \ ’ -  \ I .  

0 

where i i s  t h e  g a s  e n t h a l p y .  
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On t h e  whole,  t h e  r e s u l t s  of c a l c u l a t i n g  wi.;h = 4 3 . 4  
( t h e  dashed l i n e  i n  F i g .  4 0 )  p r o v i d e  e v i d e n c e  tha.; b o t h  c u r v e s  a re  
i n  s a t i s f a c t o r y  agreement .  A t  t h e  same t i m e ,  a s l i g h t  d i s c r e p a n c y  
i s  d i s c o v e r e d  on t h e  d e s c e n t  between 8 :15  and 8 :35 ,  w h i l e  t h e  
t o t a l  d i s t a n c e  t r a v e l l e d  turns o u t  t o  b e  1 . 8  km more on t h e  a v e r a g e ,  
z '  = 56.9  - + 3 km. 

are de termined  by: independent  data  on t h e  c u r r e n t  v a l u e  of  
a l t i t u d e  above t h e  s u r f a c e  ( a c c o r d i n g  t o  t h e  measurements of t h e  
onboard radar a l t ime te r ) ;  measurements o f  t h e  r a d i a l  v e l o c i t y  o f  
t h e  a p p a r a t u s  by a one-way Doppler method; and ,  f i n a l l y ,  data on 
measurements of  a t m o s p h e r i c  p a r a m e t e r s .  

For t h e  Venera-8, d e s c e n t  v e l o c i t y  and the  di ls tance t r a v e l l e d  

The r a d i a l  component o f  t h e  d e s c e n t  a p p a r a t u s ' s  v e l o c i t y  ( t h e  
t o t a l  s y s t e m a t i c  e r r o r ,  t h e  d e t e r m i n a t i o n  of  which i s  w i t h i n  
2 m/sec d u r i n g  t h e  e n t i r e  d e s c e n t )  v a r i e s  from136 m/sec a t  t h e  
b e g i n n i n g  t o  6 .4  m/sec a t  t h e  t e r m i n a t i o n  of desc.ent.  The jump 
i n  v e l o c i t y  a t  11:48:40 i s  due t o  t h e  r i f f l i n g  c f  t h e  p a r a c h u t e ,  
and t h e  jump a t  l 2 : 3 2 : l 2  i s  l a n d i n g  on t h e  Venusian s u r f a c e .  
Worthy o f  no te  i s  a pronounced o s c i l l a t o r y  movemert of  t h e  DA 
a f t e r  p a r a c h u t e  r i f f l i n g ;  t h e  o s c i l l a t i o n s  had  a n  a m p l i t u d e  i n  
r a d i a l  v e l o c i t y  of  a b o u t  2 m/sec and a p e r i o d  o f  1 - 2 s e c  and d i e d  
down c o m p a r a t i v e l y  s l o w l y  ( 5  - 7 m i n ) .  R e g u l a r l y - o c c u r r i n g  
f l u c t u a t i o n s  of  v e l o c i t y  were s u b s e q u e n t l y  small. Assuming no 
h o r i z o n t a l  d r i f t  o f  t h e  DA p r i o r  t o  l a n d i n g ,  t h e  l a n d i n g  v e l o c i t y  o f  
t h e  DA v = 8.35  m/sec c o r r e s p o n d s  to a r ad ia l  v e l o c i t y  of 6 . 4  m/sec 
a t  a n  a n g l e  of  37" between t h e  d i r e c t i o n  t o  Ea r th  and t h e  l o c a l  
v e r t i c a l .  

F i g .  4 1  shows t h e  d e s c e n t  v e l o c i t y  v ( t >  and t h e  a l t i t u d e  above 
t h e s u r f a c e  h ( t )  -- a c c o r d i n g  t o  t h e  da t a  from radar alt imeter 
measurements and c a l c u l a t e d  a c c o r d i n g  t o  e q u a t i o n s  (IV.6) -- (IV.10). 
I n  t h e  l a s t  case,  t h e  i n t e g r a l  o f  d i s t ance  travelled i s  computed from 
t h e  moment t h e  a p p a r a t u s  landed  on t h e  s u r f a c e .  01  t h e  p o r t i o n  of 
d e s c e n t  made w i t h  p a r a c h u t e  r i f f l e d ,  t h e  d e s c e n t  v e l o c i t i e s  
c a l c u l a t e d  a c c o r d i n g  t o  E q s .  ( I V . 6 )  and (1v.8) d i f f e r  by about  20% 
which i s  most p r o b a b l y  connec ted  w i t h  t h e  f a c t  t h a t  t h e  c o n s t a n t  
C,/M used i n  t h e  c a l c u l a t i o n s  i s  s l i g h t l y  u n d e r e s t l m a t e d .  A f t e r  
11:50:00, t h e  c u r v e s  v ( t )  and h ( t ) ,  which were o b t d i n e d  by v a r i o u s  
methods,  p r a c t i c a l l y  c o i n c i d e .  A t  t h e  same t i m e ,  (1 marked d i f f e r e n c e  
between t h e  c u r v e  n ( t )  (measured by radar al t imete?)  and t h e  c u r v e  
c a l c u l a t e d  f o r  t h e  d e s c e n t  above 25 - 30 km i s  notewor thy .  I f ,  /122 
i n  t h e  d e t e r x i n a t i o n  o f  a l t i t u d e  o f  t h i s  p o r t i o n  o.? t h e  d e s c e n t ,  
one r u l e s  o u t  a n  error t h a t  i s  s u b s t a n t i a l l y  l a r g e r  t han  t h e  
a l l o w a b l e  e r r o r  ( c f .  Table  8 ) ,  t h e n  one can  assume t h a t  t h e  p l a n e t a r y  
r e g i o n  i n  which Venera-8 began i t s  d e s c e n t  i s  e l e v a t e d  on t h e  o r d e r  
of 6 km i n  r e l a t i o n  t o  t h e  r e g i o n  where t h e  apparatius a c t u a l l y  
l a n d e d .  The r e su l t s  o f  r a d i a l  v e l o c i t y  measurements lead t o  t h e  
c o n c l u s i o n  t h a t  t h e r e  was a strong sidewise d r i f t  o f  t h e  a p p a r a t u s  
d u r i n g  d e s c e n t  t o  a n  a l t i t u d e  of about  15  km. Corr*esponding 
estimates o f  t h e  h o r i z o n t a l  component o f  wind v e l o c i t y  ( c f .  t h e  

-- 

87 



ORIGTNU PAGE E 
OF POOR QU- 

I-- -- ---- T' --I 

a 
i- * ._ 
i 

F i g .  40 .  Descent v e l o c i t y  vD and 
d i s t a n c e  z v s .  t i m e  f o r  Venera-7. 
The narrow l i n e s  and t h e  d o t t e d -  
dashed  l i n e  are p o s s i b l e  errors 
i n  t h e  d e t e r m i n a t i o n  o f  vD and 
z .  The c i r c l e s  a r e  p a r t  of t h e  
measurements of  t h e  Venera-5 
and venera-6 measurements . The 
dashed  l i n e  i s  z c a l c u l a t e d  from 
t h e  measured t e m p e r a t u r e  on Venera-7 
assuming a n  a d i a b a t i c  model o f  t h e  
a tmosphere .  The c i r c l e  w i t h  t h e  
"horns"  i s  t h e  r e f e r e n c e  p o i n t  
r e l a t i v e  t o  which t h e  r e s u l t s  
o f  measurements of  T and P on t h e  
Venera  AIS a re  aggregated.  

Key: a .  m/sec 
b. t ,  min 

s e c t i o n  on a tmospher ic  
dynamics of  t h i s  c h a p t e r )  
a l l o w  u s  t o  o b t a i n  a v a l u e  
o f  d = 60 km f o r  h o r i z o n t a l  
t r i f t  of  t h e  a p p a r a t u s  d u r i n g  
t h e  f i r s t  25 minutes  o f  
d e s c e n t .  In t h i s  c a s e ,  
i t  i s  n e c e s s a r y  t o  assume t h a t  
t h e r e  i s  a s lope  o f  a b o u t  
5" between t h e  r e g i o n  where 
d e s c e n t  began and t h e  l a n d i n g -  
s i t e  region. 

A l t i t u d e  p r o f i l e s  T ,  P ,  
and p .  The r e s u l t s  s e t  

f o r t h  i n  the p r e v i o u s  s e c t i o n s  
a l l o w  us t o  c o n s t r u c t  a l t i t u d e  
p r o f i l e s  f o r  t h e  t e m p e r a t u r e ,  
p r e s s u r e  and d e n s i t y  of  t he  
Venusian atmosphere on t h e  
day  and n i g h t  s i d e s  i n  t h e  
v i c i n i t y  of  t h e  morning 
t e r m i n a t o r .  I n  s o  doing, t h e  
Venera-7 and Venera-8 
measurements make i t  p o s s i b l e  
t o  o b t a i n  t e m p e r a t u r e  and 
p r e s s u r e  d i s t r i b u t i o n s  as 
f u n c t i o n s  o f  a l t i t u d e  reckoned 
d i r e c t l y  from t h e  s u r f a c e  i n  
t h e  l a n d i n g  s i t e  r e g i o n .  

F i g s .  42 and 4 3  show t h e  
a g g r e g a t e  c u r v e s  T ( h )  and 
P ( h )  from t h e  measurements o f  
Veneras-4 - -8. One c a n  /123 
make a comparison w i t h  t h e  
data  from Venera-4, -5,  and 
6 measurements by  u s i n g  a 
r e f e r e n c e  p o i n t ;  as s u c h ,  it 
i s  convenient  t o  choose a 
p o i n t  where t e m p e r a t u r e  
T = 500OK. It i s  i n  t h i s  

r e g i o n  o f  t h e  atmosphere t h a t  most measurements w i t h  minimum r e l a t i v e  

from Veneras-4 - -6 )  on b o t h  s ides  of  t h e  r e f e r e n c e  p o i n t  a r e  
determined, as has been s e e n ,  by t h e  h y d r o s t a t i c  e q u a t i o n .  It i s  
e v i d e n t  t h a t  an  a l t i t u d e  p r o f i l e  f o r  p r e s s u r e  on t h e  p l a n e t a r y  n i g h t  
s i d e  f o r  t h e  measured (Venera-7) c u r v e  T ( h )  i s  de termined  
s i m i l a r l y ,  p r o v i d e d  o n l y  one v a l u e  for p r e s s u r e  a t  a c o r r e s p o n d i n g  
t e m p e r a t u r e  i s  known i n  t h e  r e g i o n  where Venera-4 - -7 measurements 
o v e r l a p .  For  t h e  s e l e c t e d  r e f e r e n c e  p o i n t ,  t h e  v a l u e  P i s  
1 0 . 3  kg/cm2 a c c o r d i n g  t o  p r e v i o u s  measurements. The p r o f i l e  P ( h )  
from an  a l t i t u d e  of 55 km t o  t h e  s u r f a c e ,  a p r o f i l e  c a l c u l a t e d  by 

I e r r o r s  have been made. D i s t r i b u t i o n s  o f  T ( h )  and P ( h )  from data  

1 

b 

I 
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t a k i n g  t h e  r ea l  p r o p e r t i e s  o f  g a s  a t  h i g h  p&S%-iries i n t o  c o n s i d e r a t i o n ,  
i s  shown i n  Fig. 43 by t h e  dashed l i n e .  The a t m c s p h e r i c  p r e s s u r e  
a t  t h e  s u r f a c e  i s  Ps = 83.6 kg/cm2. 
a l ' c i t u d e  c o r r e l a t i o n  t o  t h e  curve  T ( t ) ,  t h e  tempel-ature  p r o f i l e  below 
t h e  r e f e r e n c e  p o i n t  conforms,as h a s  been s e e n ,  t o  a n  a d i a b a t i c  model 
o f  t h e  a tmosphere ,  l i m i t e d  by  t e m p e r a t u r e  a t  t h e  s u r f a c e  TS = 7 4 7 O K .  
Temperature  d i s t r i b u t i o n  v s .  a l t i t u d e  c o r r e s p o n d s  i n  t h i s  model t o  a 
v a l u e  o f  d i s t a n c e  z (z shown i n  F i g .  4 0  by  t h e  dashed l i n e ) ,  which i s  
1 . 8  klr, h i g h e r  t h a n  t h e  v a l u e  z o b t a i n e d  by i n t e g r a t i o n  o f  vD d u r i n g  
t h e  d e s c e n t  of t h e  a p p a r a t u s .  Let  u s  mention t h a t ;  t h e  d i f f e r e n c e  i n  
a l t i t u d e s  f a l l s  w i t h i n  t h e  accumulated e r r o r  of  z d u r i n g  i n t e g r a t i o n  
as Venera-7 descended from a l e v e l  where T 2 50OoE: t o  t h e  p l a n e t a r y  
s u r f a c e  ( c f .  F i g .  4 0 ) .  P r e s s u r e  d i s t r i b u t i o n s  above and  below t h e  
r e f e r e n c e  p o i n t  e s s e n t i a l l y  c o i n c i d e  i n  b o t h  c a s e s ;  however, where 
T ( h )  = T a d ( h )  as a r e s u l t  of a l a r g e  e f f e c t i v e  d e p t h  o f  t h e  
a tmosphere ,  t h e  p r e s s u r e  a t  t h e  s u r f a c e  ( t h e  s o l i d  l i n e  i n  
F i g .  43)  t u r n s  o u t  t o  be  Ps = 9 2 . 3  2 1 5  kg/cm2. 

I f  E q .  ( I V . 1 1 . )  i s  used f o r  

F i g .  4 1 .  The v a r i a t i o n  i n  d e s c e n t  
v e l o c i t y  of  Venera-8 v ( t )  and i n  
a l t i t u d e  above t h e  s u r f a c e  h ( t ) .  
The s o l i d  l i n e  i s  h ( t )  a c c o r d i n g  
t o  radar a l t imeter  d a t a ,  t h e  dashed 
l i n e  i s  h ( t )  c a l c u l a t e d  from 
Eq .  ( I V . 3 ) ;  t h e  x ' s  a re  v ( t >  
a c c o r d i n g  t o  radar alt imeter da t a .  
Key: a .  m/sec 

These d e v i a t i o n s  t a k e  
i n t o  account  any p o s s i b l e  
l i m i t i n g  e r ' r o r s  o f  
measurements.  That  t h i s  v a l u e  
i s  r e a l i s t j c  f o r  t h e  same 
temperature1 a t  t h e  s u r f a c e  
i s  confirmed by more p r e c i s e  
da t a  from t.he Venera-8 
measurements.  A t  t h e  l a n d i n g  
site of  t h e  a p p a r a t u s ,  t h e  
atmospheric  t e m p e r a t u r e  and 
p r e s s u r e  w e r e  TS = 743  + 8 O K  
and Ps = 9:; - + 1 . 5  kg/cmF. 

and p r e s s u r e  dependences on 
a l t i t u d e s  ( a c c o r d i n g  t o  t h e  
measurements o f  a l l  t h e  
Venera s t a t i o n s ) ,  matched 
a t  a r e f e r e n c e  p o i n t  where 
P = 1 0 . 3  k f ; / c m 2 ,  a re  i n  good 
agreement .  I n  examining  t h e  
r e s u l t s  o f  Venera-8 t h e  
f o l l o w i n g  f ' ac t  i s  n o t e w o r t h y :  
a marked d l f f e r e n c e  between 
t h e  p r o f i l e s  T ( h )  and P ( h )  
above 2 5  km, which were 
c o n s t r u c t e d  from a l t i t u d e  
measurement data made by a /l25 
radar a l t imeter ,  and t h e  
p r o f i l e s  t h a t  cor respond t o  
an  a l t i t u d e  c o r r e l a t i o n  i n  

A s  a whole, t h e  t e m p e r a t u r e  

-- 

a c c o r d  w i t h  t h e  c o n d i t i o n  o f  h y d r o s t a t i c  e q u i l i b r i u m .  If t h e  
p r e v i o u s  assumpt ion  t h a t  s u r f a c e  r e l i e f  e x p l a i n s  t h i s  f e a t u r e  h o l d s  
t r u e ,  t h e n  t h e  ha tched  and dashed l i n e  i n  F i g .  43 c o i n c i d e s  w i t h  
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Fig. 4 2 .  Curves o f  a tmosphe r i c  
t e m p e r a t u r e  v a r i a t i o n  vs .  
a l t i t u d e  -- a c c o r d i n g  t o  Venera 
measurements .  1. Venera-4; 
2 .   ene era-5; 3. Venera-6,  

b roken  l i n e  i s  Venera-8,  T ( h p g ) .  

I 

I 4 .  Venera-7, 5.  Venera-8.  The 

Key:  a .  T e r m i n a t i o n  o f  
-. .- . - - - measurements, - .-, 

1 I , ' ,  , . ,A* , t a "---, 
\. I ,  t 

./I V I  ]!I 

b 
Fig. 43. Curves o f  a t m o s p h e r i c  
p r e s s u r e  v a r i a t i o n  vs .  a l t i t u d e  -- 
as o b t a i n e d  on Venera series. Same 
d e s i g n a t i o n s  as i n  F i g .  4 2 .  
Key: a .  Te rmina t ion  of measurements 

b .  kg/cm2 

Y 

90 
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t h e  s o l i d  l i n e .  These c u r v e s  
g i v e  a p h y s i c a l l y  r e a l i s t i c  
d i s t r i b u t i o n  of a tmosphe r i c  
pa rame te r s  v s .  a l t i t u d e .  The 
a s s o c i a t e d  a l t i t u d e  profile 
f o r  a tmospher ic  d e n s i t y  p ( h )  
and t h e  g r a d i e n t  of  d e n s i t y  
v a r i a t i o n  vs.  a l t i t u d e  d p / d h ( h ) ,  
which a r e  c a l c u l a t e d  from 
measured T and P a t  = 4 3 . 4 ,  
are  shown i n  F i g .  4 4 .  The 
a tmospher ic  d e n s i t y  a t  t h e  s u r f a c e  
o f  Venus i s  P3 = 6 3 . 5  - t 1 . 5  kg/m3. 

Graphs of  p r e s s u r e  v s .  t e m p e r a t u r e  
co r re spond ing  t o  data from t h e  
Venera a p p a r a t i ,  a r e  g i v e n  i n  
F i g .  45 i n  l o g a r i t h m i c  c o o r d i n a t e s .  
An a n a l y s i s  o f  t h e s e  dependences 
l e a d s  t o  t h e  c o n c l u s i o n  t h a t  
v a r i a t i o n  of  t h e  gas s t a t e  i n  t h e  
Venusian a tmosphere  g e n e r a l l y  /126 
cor re sponds  t o  t h e  p o l y t r o p i c  law 
w i t h  a n  ave rage  i n d e x  o f  t h e  
p o l y t r o p e  5 = 1.20/1.25, which 
i s  c l o s e  t o  t h e  mean index  for 
t h e  adiabat  ( K  = 1.23) a t  
measured p a r a m e t e r s  of  t h e  
medium. The c a l c u l a t e d  ( f rom 
data of  measurements)  cu rve  5 ,  
compared w i t h  t h e  v a r i a t i o n  o f  
t h e  index  o f  t h e  a d i a b a t  i n  t h e  
c o o r d i n a t e s  P -- T,  i s  a l s o  
shown i n  F i g .  45 .  

Gas s t a t e  i n  t h e  a tmosphe re .  

The a d i a b a t i c  t e m p e r a t u r e  
g r a d i e n t  for a p e r f e c t  gas  i s  
de te rmined  from t h e  r e l a t i o n  - 
di /dh  = -g ,  where i = i ( P ,  T )  
i s  t h e  gas  e n t h a l p y  and i s  
e q u a l  t o  

I 

C a l c u l a t e d  w i t h  a n o n p e r f e c t  
gas  [ 3 6 ]  t a k e n  i n t o  a c c o u n t ,  
t h e  a d i a b a t i c  t e m p e r a t u r e  
g r a d i e n t  v a r i e s  i n  a C02 

L 

L 

. 
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atmosphere w i t h  c o r r e s p o n d i n g  
P and T f rom 
a t  t h e  b e g l n n i n g  o f  measure- 
ments t o  5 8 deg-km-l a t  
t h e  s u r f a c e  o f  Venus: i n c l u s i o n  
of p o s s i b l c  N2 c o n t e n t  o f  a 

a n  a p p r e c i a b l e  e f f e c t  on 

1 0  deg-km'l on'emA~~ PAGE 
OF QU.4trry 
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I few p e r c e n t  d o e s  n o t  have 

:dl - T 1 + . - 8  k t h e s e  v a l u e s .  

F i g .  4 4 .  Atmospheric d e n s i t y  v s .  
a l t i t u d e  p ( h )  (1) and d e n s i t y  
v a r i a t i o n  g r a d i e n t  d p / d h ( h )  ( 2 )  
c a l c u l a t e d  from T ( h )  and P ( h )  as 
measured by Venera-8 ( a t  = 4 3 . 4 ) .  

Key: a. kg/cm2 
b .  kg/m3*km 

The t e m p e r a t u r e  / 1 2 7  
g r a d i e n t  i r  t h e  Venusian 

can be de te rmined  w i t h  
r a t h e r  l i m i t e d  a c c u r a c y  
d i r e c t l y  from t h e  measured 
c u r v e  T ( h )  ( F i g .  4 2 ) ;  
t h e r e f o r e ,  comparisons of 
yi and y, n a t u r a l l y  have a 
q u a l i t a t i v e  c h a r a c t e r .  
C a l c u l a t i o n s  show t h a t  t h e  
v a l u e  y v a r i e s  f rom 
10.8 deg.  kn'l a t  t h e  b e g i n n i n g  
o f  m e a s u r e r e n t s ,  a t  tempera- 
t u r e s  T = 3pO - 3 5 O o K ,  t o  
8 .6  degskm' n e a r  l e v e l s  where 
t h e  t e m p e r a t u r e  r a n g e  i s  
540 - 6 O O O K  (where Venera-4 
and Venera-5 and -6 
r e s p e c t i v e l y  t e r m i n a t e d  
measurements, some 20  - 30 km 
above t h e  s u r f a c e ) ,  and t o  
8 .0  deg-km-1 a t  t h e  s u r f a c e  
(Venera-8 da t a ) .  

a tmosphere yi = (dT/dh)mea 

The r e s u l t s  of t h e  Venera-7 and Venera-8 measurements p r o v i d e d  
c o n v i n c i n g  e v i d e n c e  tha t  t h e r e  i s  no e x t e n s i v e  i s o t h e r m a l  l ayer  
a t  t h e  s u r f a c e  of  t h e  p l a n e t  -- which had been  assumed from a n  
a n a l y s i s  of r a d i o  measurements C1361. They a l lowed u s  a l s o  to- 
r u l e  o u t  assumpt ions  t h a t ,  because  o f  t h e  i n c r e a s e d  o p a c i t y  as a 
r e s u l t  of  t h e  a b s o r p t i o n  of  s o l a r  energy  by aerosols, t h e  t e m p e r a t u r e  
g r a d i e n t  i n  t h e  peal atmosphere c a n  be reduced  a p p r e c i a b l y  as 
t h e  s u r f a c e  i s  n e a r e d .  The o b t a i n e d  dependences ( o f  t e m p e r a t u r e )  
on a l t i t u d e ,  which are i n  complete  agreement w i t h  p r e v i o u s  estimates 
by Avduyevskiy e t  a1  [l, 3,  4 ,  100 ,  1873,  allow u s  t o  b e l i e v e  
t h a t  t h e  g a s  s t a t e  i n  t h e  p l a n e t a r y  t r o p o s p h e r e  does  n o t  d i f f e r  
p r a c t i c a l l y  from t h e  a d i a b a t i c  -- which d i r e c t l y  f o l l o w s  from a 
comparison of  t h e  c'urves T,e,(h) and Ta ? ( h )  i n  F i g .  4 2 .  Another ,  
more r i g o r o u s  c o n f i r m a t i o n  of  t h i s  conc u s i o n  i s  a n  a n a l y s i s  o f  
the  g a s  s t a t e  i n  e n t r o p y  diagrams.  I n  e s s e n c e ,  such  a n  a n a l y s i s ,  
made w h i l e  p r o c e s s i n g  t h e  data of e a c h  s t a t i o n ' s  measurements,  makes 
i t  p o s s i b l e  most c o n v i n c i n g l y  t o  show t h e  c o r r e c t n e s s  o f  t h e  
c o n c l u s i o n  t h a t  t h e  Venusian lower atmosphere i s  a d i a b a t i c .  
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F i g .  45. P v s .  T a c c o r d i n g  t o  
Venera  measurements.  Shown a re  
t h e  c o r r e s p o n d i n g  c a l c u l a t e d  c u r v e  
of  t h e  p o l y t r o p e  i n d e x  5 and t h e  
t h e o r e t i c a l  c u r v e  o f  r e a d i n g s  o f  
t h e  adiabat K a t  t h e  c o r r e s p o n d i n g  
P and T.  D e s i g n a t i o n s  same as i n  

, Fig. 42 .  

Key: a .  kg/cm2 

On t h e  'kn t ropy-pressure"  
diagrarr. f o r  97% C 0 2  and 3%N2 
( F i g .  4 6 ) ,  t h e  c u r v e s  of  t h e  
change of gas s t a t e  a r e  shown 
for t h o s e  p o r t i o n s  where 
Venera-4 - -8 measured P and T .  
The narrow d i a g o n a l  l i n e s  a re  
i s o t h e r m s .  The thermodynamic 
p a r a m e t e r s  of carbon d i o x i d e  a r e  
here ,  as p r e v i o u s l y ,  t a k e n  
from ['€I. We w i l l  n o t e  t ha t  
u s i n g  t h e  e n t r o p y  diagram 
method i n  a n  a n a l y s i s  o f  t h e  
thermodynamic s t a t e  of  g a s  
i n  t h e  Venusian atmosphere 
from t h e  data  o f  Venera-4 
measurements [l, 3,  1861 /128 
a l lowed u s  t o  estimate a 
v a l u e  for p r e s s u r e  a t  t h e  
moment communications w i t h  
t h e  a p p a r a t u s  c e a s e d  -- 
t h u s  by  e x t r a p o l a t i o n  o f  t h e  
c u r v e  P ( h )  t o  t h e  l a s t  
measured  v a l u e  o f  t e m p e r a t u r e  
on t h e  assumpt ions  tha t  
(dP/dh)p,7.2 = c o n s t .  and 
t h a t  t h e  i s o e n t r o p i e s  S = 
c o n s t .  The v a l u e  
P = 1 7 . 6  + 2 . 8  kg/cm2, which 
was o b t a i n e d  a t  a l e v e l  
where T = 535 2 1 7 O K ,  was 
confirmed b y  subsequent  
measurements.  

The change o f  t h e  p a r a m e t e r s  o f  t h e  gas  s t a t e  i n  t h e  a tmosphere  
shou ld  s a t i s f y  t h e  s t a b i l i t y  c o n d i t i o n ,  which can b e  w r i t t e n  
i n  t h e  form 

where S i s  t h e  e n t r o p y  o f  g a s .  S i n c e  f o r  t h e  measured t e m p e r a t u r e  
p r o f i l e  t h e  mean v a l u e  o f  t he  t e m p e r a t u r e  g r a d i e n t  y < 0 ,  t h e  
s t a b i l i t y  c o n d i t i o n  assumes t h e  form: dS/dT < 0 .  T h i s  c o n d i t i o n  
i s  m e t ,  i f  t h e  c u r v e s  of t h e  change of s t a t e - o n  t h e  e n t r o p y  d iagram 
have a n e g a t i v e  s l o p e  o r  a r e  p a r a l l e l  to t h e  a b s c i s s a .  

The data from t h e  measurements o f  t h e  Venera s t a t i o n s  do n o t  
g e n e r a l l y  c o n t r a d i c t  c o n d i t i o n  (IV.13). P a r t i c u l a r l y  c h a r a c t e r i s t i c  
i n  t h i s  r e g a r d  i s  t h e  c u r v e  o f  s t a t e  c o n s t r u c t e d  from t h e  data / I 2 9  
from Venera-8 measurements.  If t h e  l a r g e  s c a l e  on t h e  e n t r o p y  
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a x i s  i s  k e p t  i n  mind, i t  i s  p o s s i b l e  t o  m a i n t a i n  t h a t  w i t h i n  t h e  
measurement e r r o r  bounds, t h e  g a s  s t a t e  i n  the Venusian t r o p o s p h e r e  
c o r r e s p o n d s  t o  i s o e n t r o p y .  

The dynamics o f  t h e  atmosphere.  An a n a l y s i s  of t h e  r e s u l t s  o f  
measurements o f  r a d i a l  v e l o c i t y  d u r i n g  p a r a c h u t e  c.escent o f  t h e  
a p p a r a t u s ,  as w e l l  as data from measurements of  a t m o s p h e r i c  
p a r a m e t e r s  make i t  p o s s i b l e  t o  o b t a i n  a n  estimate o f  t h e  h o r i z o n t a l  
and v e r t i c a l  motions i n  t h e  Venusian atmosphere.  

It i s  n a t u r a l  t o  assume t h a t  as t h e  a p p a r a t L s  descends  i n  t h e  
a tmosphere ,  t h e  r a d i a l  component o f  wind v e l o c i t y  e n t e r s  d i r e c t l y  
as a f a c t o r  i n t o  t h e  measured ( b y  t h e  Doppler m e t t o d )  r a d i a l  
v e l o c i t y  of  t h e  DA; t h i s  i s  as a r e s u l t  o f  t h e  wind a lmost  
c o m p l e t e l y  d e f l e c t i n g  t h e  p a r a c h u t e .  I n  o r d e r  t o  s o r t  r ad ia l  
v e l o c i t y  o u t  o f  t h e  measured va1l;es o f  f u l l  v e l o c i t y ,  i t  i s  
n e c e s s a r y  t o  s u b t r a c t  a l l  components r e l a t ed  t o  t h e  mutual  motion 
of Venus and t h e  E a r t h 5  and t o  t h e i r  own r o t a t i o n ,  as wel l  as t o  
s u b t r a c t  t h e  component o f  quas i -uni form d e s c e n t  v e l o c i t y  of  t h e  
a p p a r a t u s  on p a r a c h u t e  i n  a q u i e t  a tmosphere .  O f  c o u r s e ,  t h e  
i n e r t i a  of  t h e  sys tem and t h e  complex aerodynamic c h a r a c t e r  of  des- 
c e n t  i n  a r e a l  t u r b u l e n t  a tmosphere can  l e a d  t o  a d e f i n i t e  d i f f e r e n c e  
between t h e  v e l o c i t y  of  t h e  p a r a c h u t e  and f l u c t u a t i o n s  i n  
wind v e l o c i t y .  We r e f e r  t h e  reader who i s  i n t e r e s t e d  i n  t h i s  
q u e s t i o n  i n  d e t a i l  t o  t h e  work o f  Kerzhanovich e t  a1 C661 which 
e v a l u a t e s  t h e  size o f  t h i s  d i f f e r e n c e  on t h e  basis o f  mathemat ica l  
m o d e l l i n g  o f  DA motion on p a r a c h u t e  i n  t h e  t u r b u l e n t  Venusian 
a tmosphere .  

The geometry of  t h e  DA's d e s c e n t  is shown i n  F i g .  4 7 .  Here 
v is t h e  DA's v e l o c i t y  r e l a t i v e  t o  t h e  s u r f a c e ,  u i s  t h e  wind 
v e l o c i t y ,  VR and  uR are t h e i r  r ad ia l  components, vv and uv a r e  
t h e i r  v e r t i c a l  components, and vh and u are  t h e i r  h o r i z o n t a l  
components. 
v e l o c i t y  -- w i t h  c o e f f i c i e n t s  of  c o s <  and s i n 5  r e s p e c t i v e l y  -- 
e n t e r  s i m u l t a n e o u s l y  i n t o  t h e  r a d i a l  v e l o c i t y ;  h e r e  5 i s  t h e  
l o c a l  z e n i t h  a n g l e  of t h e  E a r t h  i n  t h e  D A ' s  l a n a i n g  s i t e  r e g i o n :  

The vertical and horizontap components of the wind 

1 .  ( IV. 14 ) l '  , I l k  - ' I  - 0 1 1  - , I !  ( 1 :  I 

ORIGINAL PAGE 
OF POOR QUALITY 

A and B are t h e  az imuths  of  t h e  E a r t h  and t ? e  wind 1130 
v e l o c i t i e s .  
t h e  DA's l a n d i n g  s i t e  and t h e  s u b t e r r e s t r i a l  p o i n t .  Hence, i t  
i s  c l e a r  t h a t  t h e  l a r g e r  t h e  a n g l e  5 ,  t h e  more t h e  h o r i z o n t a l  
component c o n t r i b u t e s  and t h u s  t h e  more a c c u r a t e l y  i t  i s  measured. 
Here t h e  h o r i z o n t a l  component i s  c o n s i d e r e d  t o  be  .;he h o r i z o n t a l  

!he a n g l e  5 i s  e q u a l  t o  t h e  p l a n e t o c e l t r i c  a n g l e  between 

~~ ~ ' The p e r i o d  of Venus' own r o t a t i o n  i s  h e r e i n  assun.ed t o  b e  e q u a l  t o  
t h e  s y n c h r o n i c .  
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I 

F i g .  4 6 .  Curves o f  change i n  
g a s  s t a t e  a c c o r d i n g  t o  Venera 
measurements i n  a n  e n t r o p y  diagram 
for a . c o n d i t i o n a l  c o m p o s i t i o n  of 
t h e  atmosphere ( 9 7 %  C 0 2 ;  3% N 1. 
D e s i g n a t i o n s  same as i n  F i g .  6 2 .  

Key: a .  k c a l / k g - d e g  
b .  kg/cm2 3 

4 

L 

Fig. 47.  Geometry o f  t h e  DA p a r a -  
c h u t e  d e s c e n t  i n t o  t h e  atmosphere 
[ 6 6 ] .  Tex t  g i v e s  e x p l a n a t i o n s  
o f  t h e  d e s i g n a t i o n s .  

v e l o c i t y  component, which 
l i e s  i n  a p l a n e  c o n t a i n i n g  
v e c t o r s  of  t h e  DA's r a d i a l  
veloci+,y and i t s  l o c a l  v e r -  
t i c a l .  It i s  e v i d e n t  t h a t  
t h e  t o t a l  v a l u e  for h o r i -  
z o n t a l  v e l o c i t y  may be 
l a r g e r  due t o  a component 
t h a t  i s  o r t h a g o n a l  t o  t h e  
s p e c i f i e d  p l a n e  and t h e r e f o r e  
does  n o t  c o n t r i b u t e  t o  
vR. p h  i s  c o n s e q u e n t l y  a 
lower bound on t h e  h o r i z o n t a l  
wind v e l o c i t y  i n  t h e  
Venusian atmosphere.  

The pr imary  d i r e c t i o n  of 
t h e  d e f i n e d  component depends 
a l s o  on t h e  l o c a t i o n  o f  t h e  
r e g i o n  o f  d e s c e n t  i n  r e l a t i o n  
t o  t h e  s u b t e r r e s t r i a l  p o i n t .  
It i s  e v i d e n t  tha t  i f  t h e  d e s c e n t  
takes p l a c e  n e a r  t h e  Venusian 
e q u a t o r ,  t h e n  a z o n a l  component 
of  wind v e l o c i t y  i s  b a s i c a l l y  
de te rmined .  I f ,  however, 
i t  takes p l a c e  a s u b s t a n t i a l  
d i s t a n c e  from t h e  e q u a t o r ,  
t h e n  a n  a p p r e c i a b l e  m e r i d i a n a l  
component may b e  p r e s e n t .  
The smaller  t h e  a n g l e  r and 
and t h e  c l o s e r  t h e  D A ' s  
l a n d i n g  s i t e  r e g i o n  t o  t h e  
s u b t e r r e s t r i a l  p o i n t  ( c f .  
Fig. 2 3 ) ,  t h e  more a c c u r a t e  
t h e  e s t i m a t e  o f  v e r t i c a l  
v e l o c i t y .  Accord ingly ,  b o t h  
t h e  v e r t i c a l  and h o r i z o n t a l  
components o f  wind v e l o c i t y  
can be de te rmined  d i r e c t l y  
from t h e  r a d i a l  v e l o c i t y  
measurements o f  Venera-4, 
Venera-7 and Venera-8.  

The ambigui ty  i n  s e p a r a -  /131 
t i n g  t h e  c o n t r i b u t i o n s  o f  t h e  
h o r i z o n t a l  and v e r t i c a l  compo- 
n e n t s  of  a tmospher ic  motion 
can  b e  r e s o l v e d  by s e v e r a l  
rnethods6, a l l  based on 

c 

It i s  i m p o s s i b l e  t o  per form such  a s e p a r a t i o n  for t u r b u l e n t  
f l u c t u a t i o n s  i n  wind v e l o c i t y .  Here,  i f  needed, h y p o t h e s e s  a b o u t  
t h e  s t r u c t u r e  of  t u r b u l e n c e  (for example, of i s o t r o p y )  can  be used .  
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computing a n  averaged  v e r t i c a l  d e s c e n t  v e l o c i t y  :?or t h e  DA 
s o l e l y  from the  measurements o f  a tmospher ic  t e m p e r a t u r e  and p r e s s u r e .  
Bas ing  o n e s e l f  on t h e s e  measurements ( c u r v e s  T ( t : l  and P ( t ) > ,  
i t  i s  above a l l  p o s s i b l e  t o  e s t i m a t e  t h e  l i m i t i n g  p o s s i b l e  
i n t e n s i t i e s  o f  r i s i n g  o r  f a l l i n g  f lows on descent ; .  

Having u s e d  t h e  h y d r o s t a t i c  e q u a t i o n  ( I V . 3 ) ;  t h e  quas i -uni form 
d e s c e n t  e q u a t i o n  o f  a n  a p p a r a t u s  i n  t h e  atmospherle (IV.5) and 
t h e  e q u a t i o n  of  s t a t e  f o r  a p e r f e c t  gas ( I V . 4 )  (which i s  a c c u r a t e  
to 2 - 3% f o r  C02 w i t h i n  t h e  r a n g e  o f  measured vE.lues f o r  
a t m o s p h e r i c  temper ,a ture  and p r e s s u r e ) ,  b u t  d i s r e g a r d i n g  t h e  co- 
f a c t o r  (1 - p/p  i n  Eq .  ( I V . 5 )  as we l l  as t a k i r g  i n t o  account  
t h e  e f f e c t  o f  tRe e x p e l l i n g  f o r c e  a t  h i g h  d e n s i t i e s ,  w e  o b t a i n  
a l i n e a r  d i f f e r e n t i a l  e q u a t i o n  o f  t h e  form 

i s  a c o n s t a n t  de te rmined  by t h e  II ~ II A =  
\ - I  , I  I !  

aerodynamic and d e s i g n  p a r a m e t e r s  of  t h e  d e s c e n t  a p p a r a t u s  and I s  

' a l s o  dependent  on c ,  H = i s  t h e  s c a l e  ?e ight  
TI # v -- v ' .  It i s  e v i d e n t  t h a t  i n  t h e  s p e c i a l  
case of r) = 0, Eq. ( I V . 1 5 )  i s  reduced  t o  t h e  r e l a t i o n  

(1v.16) 

o r , i n c l u d i n g  ( I V . g ) , t o  t h e  s imi la r  ana logous  r e l a t i o n  

We n o t e t h a t c o m b i n i n g  E q s .  (IV.3) and (IV.5) p r o v i d e s  a /l32 
c o n v e n i e n t  method o f  c h e c k i n g  t o  s e e  whether  t h e  neasurements  of- 
a t m o s p h e r i c  p a r a m e t e r s  from t h e  aerodynamics o f  p a r a c h u t e  d e s c e n t  
a re  i n t e r n a l l y  c o h e r e n t .  T h i s  method was used e x t e n s i v e l y  i n  t h e  
p r o c e s s i n g  o f  t h e  r e s u l t s  of  t h e  Venera-4 - -6 measurements by 
Avduyevskiy e t  a 1  [l, 3, 4, 1 8 6 ,  1891; Obukhov and G o l i t s y n  
[124] as  well as G o l i t s y n  and Kerzhanovich [463 m a l e  a n  i n d e p e n d e n t  
e x a m i n a t i o n  f o r  s e v e r a l  s p e c i a l  c a s e s  of t h e  g e n e r a l i z e d  E q .  (IV.15). 
We a l s o  n o t e  t h a t  Eq.  (IV.15) and r e l a t i o n s  ( I V . l f l  and (IV.17) 
make it p o s s i b l e ,  i n  t h e  c a s e  o f  measurements o f  clnly one 
p a r a m e t e r  ( p r e s s u r e ,  t e m p e r a t u r e ,  o r  d e n s i t y ) ,  t o  c a l c u l a t e  t h e  
v a l u e s  of t h e  o t h e r  two, p r o v i d e d  t h e  d e s i g n  and zerodynamic 
c h a r a c t e r i s t i c s  of t h e  a p p a r a t u s  and p a r a c h u t e  are employed. 
S p e c i f i c a l l y ,  i t  d i r e c t l y  f o l l o w s  from (IV.15) t h a t  

( IV. 18) 1 1 ' .  ' I '  " ; 1 ... 
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where C = q / H ;  hence ,  i f  f o r  example t h e r e  are measurements for 
p r e s s u r e  only  and s u p p o s i n g  rl = 0 ,  one can d e t e r m i n e  t h e  t e m -  
p e r  a t u r e  7 

I I ,  

" ' ' I '  ' ,, . ORIGINAL PAGE IS ( I V .  18 ' ) 
OF POOR QUALITY 

I n  F i g .  48, c u r v e s  a re  marked o f f  on t h e  c o o r d i n a t e s  P 1/2 

and ! 7 '  ; these c u r v e s  cor respond t o  t h e  measured ( b y  Venera-4 - 
-8) v a l u e s  f o r  p r e s s u r e  and t e m p e r a t u r e  ( f o r  Venera-7, t e m p e r a t u r e  
and v D ) ;  t h e  s o l u t i o n s  t o  e q u a t i o n s  ( IV.15)  w i t h  v a r i o u s  0 
b e  compared w i t h  these v a l u e s .  The c o n d i t i o n s  q = 0 and A = 
c o n s t .  i . e . ,  a s t r a igh t  l i n e ,  cor respond t o  t h e  a b s e n c e  of  
v e r t i c a l  f l o w s  i n  t h e  atmosphere and t o  a quas i -uni form d e s c e n t  
o f  t h e  a p p a r a t u s .  For  Venera-4, t h e s e  c o n d i t i o n s  are bes t  met f o r  
a group of p o i n t s  l y i n g  i n  t h e  r e g i o n  of  p r e s s u r e s  ( 3 -  7kg/cm*).  
Taking  i n t o  a c c o u n t  t h e  t o l e r a n c e s  i n  t h e  measurements o f  P and T, 
t h e  l i m i t i n g  v a l u e s  l r l l  on t h i s  p o r t i o n  a re  est imated t o  be n o t  
more t h a n  0.2/0,4 m/sec and can  grow t o  0.5 - 1 . 0  m/sec a t  t h e  
b e g i n n i n g  and end of  measurements.  The p r o p o r t i o n a l i t y  f a c t o r  /133 
A 

which c o r r e s p o n d s  t o  t h e  d e s i g n  p a r a m e t e r s  of  t h e  a p p a r a t u s  and 
t h e  p a r a c h u t e .  For Veneras-5 and - 6 t h e  e x p e r i m e n t a l  p o i n t s  
a v e r a g e d  a c c o r d i n g  t o  a l l  measurements by v a r i o u s  i n s t r u m e n t s  
s t i l l  more s a t i s f a c t o r i l y  f a l l  on s t r a i g h t  l i n e s .  The t a n g e n t  
of  t h e  a n g l e  o f  t h e i r  s l o p e  ( c f .  F i g .  48) i s  i n  good agreement  w i t h  
a v a l u e  A t h a t  c o r r e s p o n d s  t o  t h e  r e l a t i o n  C,/M = 1 . 7 - 1 0 - 3  kg-1 .  
The v a l u e s  rl a re  l i m i t e d  i n  t h e  b a s i c  p a r t  of t h e  measur ing  r a n g e  
b y  t h e  v a l u e  rl < O . V O . 2  m/sec, b u t  a t  t h e  b e g i n n i n g  o f  d e s c e n t  t h e y  
t u r n  o u t  t o  be  c o n s i d e r a b l y  l a r g e r  ( q  5 1 m/sec>.  Here, however, 
r e l a t i v e  e r r o r s  o f  measurements ( t h e y  a p p e a r  most s t r o n g l y  i n  
d e r i v e d  es t imates)  can be q u i t e  i m p o r t a n t ;  t h e r e f o r e ,  t h e  v a l u e s  
o b t a i n e d  for v e r t i c a l  f l o w s  s h o u l d  b e  viewed as upper  bounds.  

may 

tg@ i n  ( I V . 1 6 )  i s  d e f i n e d  as C,/M = A-*. It i s  i n  s a t i s f a c  o r y  
agreement  w i t h  t h e  computed v a l u e  of  A a t  Cx/M = 2 . 2 5  010-3 kg' t , 

T h i s  a p p l i e s  s t i l l  more t o  a n  e x a m i n a t i o n  i n  t h e  same 
c o o r d i n a t e s  o f  t h e  r e s u l t s  o f  Venera-7 measurements.  The c u r v e  
i s  e v i d e n c e  o f  a d y n a m i c a l l y  complex d e s c e n t ,  which h a s  s e v e r a l  /134 
p h a s e s ;  a conspicuous  change i n  c o e f f i c i e n t  A c o r r e s p o n d s  t o  
these  p h a s e s .  T h i s  change may i n  p r i n c i p l e  b e  a t t r i b u t e d  t o  
v e r t i c a l  motions and t o  v a r i a t i o n s  i n  aerodynamic c h a r a c t e r i s t i c s .  
S p e c i f i c a l l y ,  v a r i a t i o n  i n  aerodynamic c h a r a c t e r i s t i c s  i s  r e l a t e d  
t o  v a r i a t i o n  i n  t h e  s l o p e s  o f  t h e  c u r v e s  i n  F i g .  48; t h i s  
v a r i a t i o n  conforms t o  t h e  programmed deployment o f  t h e  p a r a c h u t e  
on t h e  d e s c e n t  of  Venera-7 and Venera-8. I n  t h o s e  r e g i o n s  where 
t h e  v a l u e s  A ,  o b t a i n e d  from t h e  e x p e r i m e n t a l  p o i n t s ,  cor respond 
t o  c a l c u l a t e d  v a l u e s  (Cx/Pl = (1 .08/2 .23)  .lo-3 kg-1 f o r  Venera-7 

4 

t 

T h i s  estimate makes s e n s e  o f  c o u r s e  o n l y  i f  measurements P ( t )  
a r e  h i g h l y  a c c u r a t e .  
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1 

and (1.44/2.23)*10'3 kg-I f o r  Ver1era-8)~, t h e  va:!ues f o r  v e r t i c a l  
f lows  are  est imated from t h e  v a l u e s  q 4 1.5 m/sec:. 

L e t  u s  move now t o  t h e  more comprehensive q u a n t i t a t i v e  
e s t i m a t e s  of t h e  v e l o c i t i e s  o f  a t m o s p h e r i c  motions as  o b t a i n e d  by 
Kerzhanovich e t  a1 C66, 67,  377 ,  3781. 

ORIGTrV'AL PAGE E 
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F i g .  48. R e s u l t s  of Venera t e m -  
p e r a t u r e  and p r e s s u r e  measure- 
ments i n  c o o r d i n a t e s  P1/* and 

, . D e s i g n a t i o n s  a s  i n  
F i g .  4 2 .  Comparison w i t h  c a l c u l a -  
t i o n  a c c o r d i n g  t o  Eq .  ( I V . 1 5 )  f o r  
estimation of 0 .  

Key: a. Sec/degl/* 
b .  kg1/2/cm 

After s u b t r a c t i n g  t h e  
v e r t i c a l  coriponent o f  de s c e n t  
v e l o c i t y ,  which i s  c a l c u l a t e d  
a c c o r d i n g  t o  (IV.6) o r  ( I V . 8 ) ,  
t h e  d i f f e r e n c e  between 
Doppler f requency  ( r a d i a l  
v e l o c i t y )  arid z e r o  c a n  b e  
r e l a t e d  o n l y  t o  t h e  e f f e c t  o f  
wind o r  t h e  p r e v i o u s l y  
s p e c i f i e d  s y s t e m a t i c  e r r o r s  
o f  measurement. 

F i g .  4 9  shows t h e  Doppler  
d i f f e r e n c e s  o b t a i n e d  i n  
exper iments  on t h e  Veneras-4 - 
-6 w i t h o u t  compensat ion f o r  
t e m p e r a t u r e  d r i f t  i n  t h e  
o s c i l l a t o r s .  Zero wind 
v e l o c i t y  i s  z e r o  f requency  
v a l u e .  The Z i m e  o f  a v e r a g i n g  
i s  6 s e c  fora Venera-4 ( F i g . 4 9 a )  
and 1 0  s e c  l'or Venera-5 and 
Venera-6 (F1.g. 49b  and 4 9 c ) .  

It i s  e a s i l y  s e e n  t h a t  /136 
f requency  vE. r ia t ion  o f  t h e  
s i g n a l  r e c e l v e d  d u r i n g  t h e  
first 20 - 2 3  m i n u t e s  f r o m  
Venera-4 haci, i n  c o n t r a s t  t o  
Venera-5, a sharply pronounced 
non-monotonic c h a r a c t e r .  It 
i s  n o t  very  p r o b a b l e  t h a t  
t h i s  v a r i a t j o n  was r e l a t ed  

Although t h a t  p o r t i o n  o f  t h e  Venera-7's  d e s c e n t  n e a r  t h e  s u r f a c e  
( a f t e r  8 : 3 4 )  a l s o  h a s  a n  a e r o d y n a m i c a l l y  complex c h a r a c t e r ,  i t  c a n  
be  used i n  an  a n a l y s i s  o f  a t m o s p h e r i c  dynamics,  :#ince t h e  d e s c e n t  
v e l o c i t y  f o r  t h i s  p o r t i o n  r e l a t i v e  t o  z e r o  a t  theh moment o f  l a n d i n g  
can  b e  c a l c u l a t e d  w i t h  a c c e p t a b l e  a c c u r a c y .  The p o i n t  i s  t h a t  
a l t h o u g h  t h e  change i n  t h e  aerodynamic d r a g  c o e f l ' i c l e n t  C, i s  n o t  
known here, it i s  h i g h l y  p r o b a b l e  t h a t  i t  was i n s i g n i f i c a n t .  T h i s  i s  
i n d i c a t e d ,  f irst  of a l l ,  by t h e  monotonic change o f  t h e  a v e r a g e  
v e l o c i t y  of the  DA on t h i s  p o r t i o n ,  and second,  by t h e  smal l  
r e l a t i v e  i n c r e a s e  i n  t h e  Reynolds '  number ( l e s s  t ,han 15%)  when i t  
has a l a r g e  a b s o l u t e  v a l u e  (Re = 2 . 7 0 1 0 7 ) .  With :uch large Reynolds '  
numbers, motion becomes s e l f - m o d e l l i n g  and t h e  vE.luc C x  c e a s e s  t o  
depend on v e l o c i t y ;  t h i s  i s  confirmed by e x p e r i m m t a l  da ta .  
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Fig. 49. 
time for Venera-4, Venera-5 and Venera-6 (a, b ,  c). For 
Venera-5 and Venera-6, the vertical component of velocity uv 
is shown, p rov ided  uR uv.  frequency-temperature drift of the oscillator: 1) is the most 
probable; and 2) and 3 )  are limiting values [377].  
Key: 1. m/sec 
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t o  f requency  v a r i a t i o n s  i n  t h e  o s c i l l a t o r s  t h e m s e l v e s  o r  t o  
any o t h e r  f a c t o r s  t h a t  c o u l d  a f f e c t  t h e  c o n d i t i c n s  of  r a d i o  wave 
p r o p a g a t i o n .  One may t h e r e f o r e  c o n s i d e r  t h e  most l i k e l y  r e a s o n  
for f r e q u e n c y  v a r i a t i o n s  on t h i s  p o r t i o n  o f  t h e  d e s c e n t  was 
v a r i a t i o n  i n  t h e  DA's v e l o c i t y  due t o  t h e  wind. 

* b  

F i g .  50 .  An a l t i t u d e  p r o f i l e  o f  
h o r i z o n t a l  wind v e l o c i t y  U h '  T h i s  
p r o f i l e  c o r r e s p o n d s  t o  t h e  measured 
r a d i a l  v e l o c i t y  i n  F i g .  49a C3771. 
The h o r i z o n t a l  l i n e  on t h e  o r d i n a t e  
i s  t h e  p o s s i b l e  s y s t e m a t i c  e r r o r  o f  
measurements.  
c u r v e s  1 and 2 
t e x t .  

Key: a .  h ,  k m  
b. rn/sec 

E x p l a n a t i o n  of 
a re  g i v e n  i n  t h e  

F i g .  50 ( c u r v e  1) 
shows an a l t i t u d e  p r o f i l e  
f o r  wind v e l o c i t y .  It  
was o b t a i n e d  by  g r a p h i c a l  
a v e r a g i n g  o f  t h e  da t a  of 
t h e  measurements i n  
F i g .  49a -- on t h e  
assumpt icn  tha t  a l l  f requency  
v a r i a t i o n  i s  r e l a t e d  t o  
t h e  h o r i z o n t a l  wind 
v e l o c i t y .  Curve 2 shows 
t h e  h o r i z o n t a l  wind 
v e l o c i t y  p r o f  i l e  o b t a i n e d  
by s u b t r a c t i n g  t h e  l i m i t i n g  
averaged  v e l o c i t y  f o r  
v e r t i c a l  f low f r o n  t h e  r ad ia l  
component o f  t h e  DAIS 
v e l o c i t y .  A s  w e  see ,  
peak wind v e l o c i t y  
could  have been on t h e  o r d e r  
of  40 - 5 0  m/sec a t  a n  
a l t i t u d e  of about  50 km. 
A s  a l t i t u d e  d e c r e a s e s ,  
v e l o c i t y  d e c r e a s e s ,  and 
below 40 km, i t  remains  
approximate ly  c o n s t a n t  
w i t h i n  tl-e l i m i t s  o f  t h e  
s y s t e m a t i c  e r r o r  shown 
i n  F i g .  50 .  

the  Venerla-4 d e s c e n t  
r e g i o n  r e l a t i v e  t o  t h e  
s u b t e r r e E  t r i a l  p o i n t  
( c f .  F i g .  2 3 )  i t  follows 
that  t h e  measured v e l o c i t y  

From t h e  l o c a t i o n  o f  

has a s u b s t a n t i a l  m e r i d i a n a l  component; a wind c i r e c t i o n  from 
t h e  p o l e  t o  t h e  e q u a t o r  c o r r e s p o n d s  t o  p o s i t i v e  v a l u e s  o f  t h i s  
component. If,  n o n e t h e l e s s ,  t h e  l a t i t u d i n a l  component i s  kep t  
i n  mind and i f  t h e  measured p r o f i l e  U h ( h )  i s  a t t r i b u t e d  t o  a 
z o n a l  wind, t h e  DA's maximum v e l o c i t y  would have r e a c h e d  no l e s s  
t h a n  30 m/sec i n  a d i r e c t i o n  from t h e  a n t i s o l a r  p o i n t  t o  t h e  
morning t e r m i n a t o r ;  t h i s  c o i n c i d e s  with t h e  d i r e c t i o r ,  of t h e  
p l a n e t ' s  own r o t a t i o n .  
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Estimates o f  wind v e l o c i t y  from t h e  da t a  of measurements 
of  r a d i a l  v e l o c i t y  made i n  an experiment  on Venera-7 a r e  made 
o n l y  f o r  t h o s e  p o r t i o n s  where t h e  DA's d e s c e n t  was c l o s e  t o  
what was c a l c u l a t e d .  

F i g .  51 g i v e s  a wind v e l o c i t y  p r o f i l e  o b t a i n e d  as t h e  
d i f f e r e n c e  between measured v a l u e s  vR and c a l c u l a t e d  v a l u e s  vv 
f o r  v e l o c i t y .  Below, on t h e  a b s c i s s a ,  i s  a s c a l e  t h a t  c o r r e s p o n d s  
t o  t h e  h o r i z o n t a l  component of  wind v e l o c i t y ;  a t  t h e  t o p  i s  t h e  
v e r t i c a l  component. A wind from t h e  a n t i s o l a r  p o i n t  toward t h e  
morning t e r m i n a t o r  o r  a downward v e r t i c a l  f low cor respond t o  
p o s i t i v e  v a l u e s  for v e l o c i t y .  The p r o f i l e  i s  c o n s t r u c t e d  w i t h  a 
s p a t i a l  a v e r a g i n g  o f  measurements o f  = 1 km, and t h e  maximum 
c o n s t a n t  s y s t e m a t i c  e r r o r  i s  about  5 m/sec ( f r o m  u h ) .  

If t h e  e n t i r e  
- ._ d i f f e r e n c e  i s  a t t r i b u t e d  

' I ,# ORE%VAL PAGE B wholly t o  t h e  h o r i z o n t a l  
component of wind v e l o c i t y  
uh ,  t h e n  i t  follows from 
a n  examinat ion  o f  F i g .  51  

'\ OF p00~ QUALITY 
i 

A' 

F i g .  51 .  A l t i t u d e  
h o r i z o n t a l  ( u  ) o r  
(u,,) componen t s of  

t h a t  t h e  wind v e l o c i t y  
reaches 1 0  - 1 4  m/sec 
a t  a n  a l t i t u d e  of  45 krr. 
and i s  i n  t h e  d i r e c t i o n  o f  
t h e  morning t e r m i n a t o r .  
The f u r t h e r  b e h a v i o r  o f  
p r o f i l e  u h ( h )  may be  
i n t e r p r e t e d  e i t h e r  as a n  
i n d i c a t i o n  t h a t  a t  an  
a l t i t u d e  of about  4 2  km 
t h e  wind v e l o c i t y  changes 

o r  as a r e d u c t i o n  i n  v e l o c i t y  
w i t h  no change of d i r e c t i o n .  

$1 a d i r e c t i o n  and t h a t  a t  
, . -  a 4 0  km it is 5 - 7 m/sec 

p r o f i l e s  f o r  T h i s  i s  re la ted  t o  the 
v e r t i c a l  f a c t  t h a t  t h e  accompanying 
wind v e l o c i t y  s y s t e m a t i c  e r r o r  can  sh i f t  /138 

a c z o r d i n g  t o  measurements o f  t h e  c u r v e s  i n  F i g .  51 as 
r a d i a l  v e l o c i t y  on Venera-7. a whole, as a r t i c l e  C3771 
Curves 1 and 2 a re  two a l t e r n a t i v e s  n o t e d .  I n  t h i s  c a s e ,  
of c a l c u l a t i n g  vv from E q s .  ( I V . 6 )  wind v e l o c i t y  s h o u l d  b e  
and (IV.8) C3771. h i g h e r .  Subsequent  

Key:  a .  m/sec make such  a n  assumpt ion  

c o n f i r m  t h e  p o s s i b i l i t y  o f  i n d i c a t i o n s  t h a t  t h e  wind v e l o c i t y  
grows t o  = 1 0 0  m/sec a t  a l t i t u d e s  of  52 - 54 krn; t h e s e  
i n d i c a t i o n s  were from t h e  measurements o f  t h e  Venera-7 r a d i a l  
v e l o c i t y  on t h e  i n i t i a l  p o r t i o n  of  d e s c e n t  (between 8:02 :50  
and 8 :04 :20  Moscow t i m e ) .  I f  i t  i s  presumed t h a t  d u r i n g  t h e  

measurements on Venera-8 

more j u s t i f i a b l e .  They a l s o  

L 
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d e s c e n t  o n l y  v e r t i c a l  motions o c c u r r e d ,  t h e n  t h e  c o r r e s p o n d i n g  
v e l o c i t i e s  d i d  n o t  exceed 1 . 2  - 3 m/sec f o r  downward f l o w  and 
1 - 1 . 4  m/sec f o r  upward f low;  w h i l e  below 38 krn t h e y  remained 
less  t h a n  0 . 5  - 0.7  m/sec. 

Comparison of  t h e  measured v a l u e s  vR and t h e  c a l c u l a t e d  
v a l u e s  vv f o r  v e l o c i t y  on t h e  f i n a l  s t a g e  o f  the,  Venera-7 
d e s c e n t  g i v e s  r i s e  t o  t h e  wind v e l o c i t y  p r o f i l e E ,  a t  a l t i t u d e s  
o f  0 - 3.5 km shown i n  F i g .  52. I n  o r d e r  t o  e l j m i n a t e  t h e  
p o s s i b l e  i n f l u e n c e  of s h o r t - t e r m  f l u c t u a t i o n s  i n  v e l o c i t y ,  t h e  
c u r v e s  shown a re  upper bounds o b t a i n e d  from mea:,urements a v e r a g e d  
o v e r  an  i n t e r v a l  of 30 s e e ,  i . e . ,  about  500 m ,  even though wind 
d r a g  t i m e  o f  t h e  DA on t h i s  s t a g e  should  n o t  exceed 4 - 5 s e c .  
Assuming t h a t  u 
assume t h a t  win$ v e l o c i t y  i n c r e a s e s  smoothly up t o  2 . 5  m/sec 
(maximum 5 m/sec) a t  an a l t i t u d e  of  3.4 km. The c o r r e s p o n d i n g  
p o s s i b l e  v a l u e s  f o r  t h e  v e l o c i t y  o f  upward f low a t  t h i s  a l t i t u d e  
would n o t  exceed 0 .5  m/sec (maximum 1 m/sec) .  However, t h e s e  /139 
e s t i m a t e s  a re  i n  no way a p p r e c i a b l y  o u t s i d e  t h e  l i m i t s  o f  t h e  
assumed r a n g e  o f  e r r o r s  of  measurements. 

measurements of wind v e l o c i t y .  F i g .  53 shows a r i  a l t i t J d e  p r o f i l e  
f o r  wind v e l o c i t y ,  a p r o f i l e  showing t h e  d i f f e r e n c e  between t h e  
measured r a d i a l  v e l o c i t y  vR and t h e  c a l c u l a t e d  Trer t ica l  d e s c e n t  
v e l o c i t y  vv. 
ments o f  vR ( t h e  c o n s t a n t  s y s t e r a t i c  e r r o r  i s  < 0 . 2  m/sec, t h e  
s l o w l y  v a r y i n g  e r r o r  i s  from 0 m a t  t h e  s u r f a c e  t o  0 .7  m/sec 
a t  h = 50 km, and t h e  f l u c t u a t i o n  e r r o r  i s  < Q . 1 -  m/sec) and the  
i n a c c u r a c y  o f  c a l c u l a t i o n s  o f  vv a c c o r d i n g  t o  E(1s. ( I V . 6 )  and 
( I V . 8 )  ( f r o m  0 . 5  m/sec a t  t h e  s u r f a c e  t o  7 - 8 ri/sec a t  h = 50 km) .  
The v a r i a t i o n  w i t h  a l t i t u d e  i s  ana logous  t o  t h e  a l t i t u d e  p r o f i l e s  
T ( h )  and P ( h )  i n  F i g s .  4 2  and 43. 

= uv = 0 a t  t h e  s u r f a c e ,  it i s  p o s s i b l e  t o  

A Venera-8 experiment  made t h e  most complete  and a c c u r a t e  

The h o r i z o n t a l  l i n e s  d e n o t e  t h e  ei ' rors  of  measure- 

Because of t h e  great d i s t a n c e  between t h e  l a n d i n g  r e g i o n  and 
t h e  s u b t e r r e s t r i a l  p o i n t ,  t h e  c o n d i t i o n s  f o r  de' ;ermining t h e  
h o r i z o n t a l  component o f  wind v e l o c i t y  from Vene.-a-8 data  a r e  
q u i t e  f a v o r a b l e .  S i n c e  t h e  component o f  v e l o c i i y  i n  a d i r e c t i o n  
from t h e  s u b t e r r e s t r i a l  p o i n t  t o  t h e  DA ( t h e  azimuth o f  t h i s  
d i r e c t i o n ,  as reckoned from t h e  d i r e c t i o n  toward t h e  North p o l e  
i s  8 
wind component c l o s e  t o  t h e  z o n a l  and d i r e c t e d  from t h e  morning 
t e r m i n a t o r  toward t h e  day s i d e  ( i . e . ,  i n  t h e  d i r e c t i o n  of  t h e  
p l a n e t ' s  own r o t a t i o n ) ,  as w e l l  as a small m e r i ' i i a n a l  component 
i n  a d i r e c t i o n  from t h e  e q u a t o r  toward t h e  S o u t ?  p o l e 9  should  

115")  was de termined  from measurements o r  vR,  t h e n  a 

-- /1.40 

V a r i o u s  v a l u e s  and d i r e c t i o n s  for wind v e l o c i t y  may i n  p r i n c i p l e  
c o r r e s p o n d  t o  t h e  measured, component, so  t h a t  t 9 e i r  p r o j e c t i o n  i n  a 
" s u b t e r r e s t r i a l  point-DA" d i r e c t i o n  e q u a l s  t h e  neasured component. 
S p e c i f i c a l l y ,  it i s  i m p o s s i b l e  t o  s a y  a n y t h i n g  2bout a p o s s i b l e  
o r t h a g o n a l  component. Keeping t h i s  i n  mind, we h e r e  s p e a k  of t h e  
measured component s imply as t h e  wind v e l o c i t y ;  i t  i s  u n d e r s t o o d  
i n  t h i s  r e g a r d  t h a t  t h e  wind v e l o c i t y  may i n  f a = t  b e  even  l a r g e r .  
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F i g .  5 2 .  Wind v e l o c i t y  p r o f i l e  
f o r  t h e  n e a r - s u r f a c e  l a y e r  of 
t h e  a tmosphere  a c c o r d i n g  t o  
Venera-7 data. Curve 1 i s  t h e  
l i m i t i n g  v a l u e  o f  t h e  most 
p r o b a b l e  Uh ( o r  uv )  and c u r v e  2 i s  
f o r  t h e  maximum tempera tu re -caused  
f r equency  d r i f t  of  t h e  o s c i l l a t o r .  
Key :  a .  m/sec 

co r re spond  t o  p o s i t i v e  v a l u e s  
f o r  uh .  

v e l o c i t y  has a se r ies  o f  
c h a r a c t e r i s t i c  f e a t u r e s .  
F i r s t ,  an  i n c r e a s e  w i t h  
a l t i t u d e  from 0 . 5  3 : $ ' 3  nea:. 
t h e  s u r f a c e  t o  1 0 0  - 1 4 0  
m/sec a t  a l t i t u d e s  n e a r  
50 km i s  c l e a r l y  d i s c e r n e d .  
Second, t h e r e  i s  a r e g i o n  
f rom 18  t o  4 0  km where t he  
wind v e l o c i t y  a lmos t  d i d  n o t  
change and was 30 - 38 m/sec. 
W e  n o t e  t h a t  such  b e h a v i o r  i n  
ub can  be re la ted  t o  t h e  
wind t u r n i n g  i n  a m e r i d i a n a l  
d i r e c t i o n .  T h i r d ,  i n  t h e  
lower  t r o p o s p h e r e  a t  a l t i t u d e s  
of 0 - 1 0  km, where a b o u t  
half the m a s s  of t h e  
a tmosphere  i s  c o n c e n t r a t e d ,  
t h e  wind v e l o c i t y  i s  l e s s  
t h a n  3 m/sec (mean v e l o c i t y  
= 1 m/sec) .  A l t i t u d e s  from 
11 t o  le krn and from 4 2  t o  
50 km are  r e g i o n s  of  a b r u p t  
change o f  wind v e l o c i t y ,  
w i t h  g r a d i e n t s  up to 
4 - 6 m/sec/km. Here ,  t h e  
lower  r e g i o n  ( o f  l a r g e  
g r a d i e n t s  o f  wind v e l o c i t y )  
lies essentially l o w e r  than 
t h e  boundary h = 32 krn; 
above this, t h e  a e r o s o l  
component a s s o c i a t e d  w i t h  an  
e x t e n s i v e  c l o u d  l a y e r  ( c f .  
S e c t i o n  V . 4 )  makes a marked - 
c o n t r i b u t i o n  t o  t h e  
a t t e n u a t i o n  o f  s o l a r  r a d i a t i o n .  

The p r o f i l e  o f  wind 

Estimates f o r  t h e  n e a r -  
s u r f a c e  r e g i o n ,  as i n  t h e  c a s e  
of  Venera-7,do n o t  g e n e r a l l y  
go beyond t h e  l i m i t s  o f  t h e  

p o s s i b l e  r ange  of errors ,  b u t  t h e  r a n g e  i t s e l f  i s  s u b s t a n t i a l l y  
narrowed.  Let us  remember that  t h e  c a l c u l a t e d  v a l u e s  Uh f o r  
Venera-7 were o b t a i n e d  on t h e  assumpt ion  t h a t  t h e  wind v e l o c i t y  
n e a r  t h e  s u r f a c e  i s  zero. If  t h i s  assumptior.  i s  n o t  made, t h e n  t h e  
c u r v e s  i n  F i g .  52 show a - i f f e r e n c e  between tile wind v e l o c i t y  a t  
a g i v e n  a l t i t u d e  and t h e  wind v e l o c i t y  i n  t h e  n e a r - s u r f a c e  r e g i o n .  
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U n f o r t u n a t e l y ,  t h e  upper  

~' 
c 

, 1' 1 
F i g .  53. A l t i t u d e  p r o f i l e  f o r  
h o r i z o n t a l  wind v e l o c i t y  a c c o r d i n g  
t o  d a t a  from Venera-8 measurements.  
ct i s  a t  a l t i t u d e s  0 - 52 km; 6 
i s  f o r  a l t i t u d e s  0 - 1 2  km. The 
h o r i z o n t a l  bars a r e  t h e  maximum 
p o s s i b l e  e r r o r s  of  measurement 
C671. 
Key: 1. m/sec 

i n t r o d u c e d  i n t o  t h e  e x p e r i m e n t a l  v a l u e s  
C661. 

bound u a c c o r d i n g  t o  
Venera- t P ' data does  n o t  a l s o  
g i v e  a Tralue f o r  v e l o c i t y  
i n  t h e  h o r d e r  l a y e r . 1 0  

We w i l l  now t u r n  t o  /141 
t h e  r e s u l t s  o f  a n  a n a l y s i s  
of wind v e l o c i t y  f l u c t u a -  
t i o n  [ 3 i ' 7 ] .  

Vel.oc i t y  f l u c t u a t i o n s  
may b e  o b t a i n e d  by  sub- 
t r a c t  in{; t h e  averaged  
v a l u e s  f o r  wind v e l o c i t y  
from the, wind v e l o c i t y  i t s e l f .  
I n  s o  doing ,  n a t u r a l l y ,  
a d e f i n i t e  a r b i t r a r i n e s s  
i s  assuried; i t  i s  
connec ted  t o  t h e  condi-  
t i o n a l i t y  o f  d i v i d i n g  
t h e  wind v e l o c i t y  i n t o  
t h e  mean and t h e  f l u c t u a -  
t i o n  components and t o  t h e  
inaccurz.cy of t h e  
a v e r a g i n g  i t s e l f .  There- 
f o r e ,  s l . i g h t  c o r r e c t i o n s  
t h a t  ta1:e t h e  DAIS 
i n e r t i a  i n t o  account  were 

f o r  v e l o c . i t y  f l u c t u a t i o n s  

The i n f l u e n c e  o f  t h e  s y s t e m ' s  i n e r t i a  i s  i m p o r t a n t  d u r i n g  
motion i n  a less  d e n s e  medium, i . e . ,  a t  h i g h  a l t j  t u d e s .  One of  t h e  
fundamenta l  parameters t h a t  c h a r a c t e r i z e  t h e  behE.vior o f  a para- 
c h u t e  under t h e  impact  o f  t u r b u l e n c e  i s  t h e  d r a g  time o f  t h e  
" p a r a c h u t e  - DA" sys tem f . as t h e  
t i m e  after which a v e l o c i g y  change o f  t h e  descent. apparatus w i l l  
d i f f e r  from a change o f  t h e  wind v e l o c i t y  by n o t  more t h a n  1 0 % .  
For v e l o c i t y  f l u c t u a t i o n s  w i t h  a c h a r a c t e r i s t i c  t i m e  e x c e e d i n g  
t h e  d r a g  time and s p a c e  s c a l e  e x c e e d i n g  t h e  v a l u e  &in - 
t h e  DA-parachute sys tem r e p r o d u c e s  f l u c t u a t i o n s  o f  wind - ve  T j t . v g 9  o c i t y  
p r a c t i c a l l y  w i t h o u t  d i s t o r t i o n .  For  s m a l l - s c a l e  f l u c t u a t i o n s  o f  
wind v e l o c i t y ,  one c a n  make o n l y  q u a l i t a t i v e  est5mates o f  t u r b u -  
l e n c e  from t h e  b e h a v i o r  o f  t h e  DA p a r a c h u t e  s y s t e m .  The d r a g  time 
d e c r e a s e d  d u r i n g  d e s c e n t  f rom 5 t o  2 s e c  f o r  Venera-4, f rom 

One may d e f i n e  t h e  v a l u e  T~ 

It i s  p o s s i b l e , t o  show t h a t  by u s i n g  t h e  measured wind v e l o c i t y  
i n  t h e  boundary l a y e r ,  a t e m p e r a t u r e  d i s t r i b u t i o n  n e a r  t h e  s u r f a c e  
can be c o n s t r u c t e d .  However, on this p o r t i o n  of  t h e  d e s c e n t ,  t h e  
d i f f e r e n c e  i n  v e l o c i t y  f o r  a n  a d i a b a t i c  and a n  i s o t h e r m a l  a tmosphere 
does  n o t  exceed 0 . 1  m/sec; c o n s e q u e n t l y ,  t h e  r e q u i r e d  a c c u r a c y  i s  
s u b s t a n t i a l l y  h i g h e r  t h a n  what has been a t t a i n e d  i n  t hese  
measurements.  

I U  



8 t o  4 s e c  f o r  Venera-5 and Venera-6, from 12 - 1 5  t o  4 - 5 s e c  
f o r  Venera-7 and from 8 ' t o  1 s e c  for Venera-8. Such d i f f e r e n c e s  
i n  v a l u e s  T are  connec ted  t o  a d i f f e r e n c e  i n  d e s c e n t  v e l o c i t y :  
f o r  Venera-f,  t h e  d i f f e r e n c e  was about  1 0  m/sec a f t e r  p a r a c h u t e  
deployment ,  and f o r  Venera-7 i t  was a b o u t  60  m/sec. Correspondingly ,  
t h e  minimum r e s o l v e d  s c a l e  o f  t u r b u l e n c e  i s :  50 - 1 0  m for 
Venera-4, 2 0 0  - 10 m f o r  Venera-5 and Venera-6, from 9 0 0  - 1 0 0 0  m 
t o  80 - 1 0 0  m f o r  Venera-7, and 500 - 1 0  m f o r  Venera-8. 

The r o o t  mean s q u a r e  f o r  wind v e l o c i t y  f l u c t u a t i o n s  U ' h  
d u r i n g  d e s c e n t  o f  Venera-4 up t o  8 :02  ( a b o u t  4 2  k m )  i s  0 . 7 5  m/sec /142 
( c f .  F i g .  49a) ;  a t  a mean wind v e l o c i t y  of about  2 0  m/sec for 
t h i s  p o r t i o n  o f  t h e  d e s c e n t ,  t h i s  c o r r e s p o n d s  t o  a r e l a t i v e  i n t e n s i t y  
o f  t u r b u l e n c e  Y = au 'h/uh = 0.04. 

F i g .  54 shows t h e  t i m e  c o r r e l a t i o n  f u n c t i o n  of  f l u c t u a t i o n s  
o f  t h e  v e r t i c a l  wind v e l o c i t y  component o b t a i n e d  b y  20  min o f  
a v e r a g i n g .  The c o r r e l a t i o n  f u n c t i o n  d e c r e a s e s  q u i c k l y  a t  T = 25 s e c ,  
which c o r r e s p o n d s  t o  a s c a l e  of  t u r b u l e n c e  of  about  1 0 0  - 200 m 
( i f  t u r b u l e n c e  I s  c o n s i d e r e d  t o  b e  homogeneous) when t h e  mean 
d e s c e n t  v e l o c i t y  on t h i s  p o r t i o n  i s  

, I  

: a 

F i g .  54.  T i m e  c o r r e l a t i o n  f u n c t i o n  
o f  f l u c t u a t i o n s  i n  t h e  v e r t i c a l  
wind v e l o c i t y  component C3771. 

Key: a .  m2/sec2 
b .  t / s e c  

= 8-m/sec. 

A s  seen f r o m  F ig .  49b 
and F i g .  49c,  f l u c t u a t i o n s  
i n  t h e  v e r t i c a l  component 
o f  wind v e l o c i t y  d u r i n g  t h e  
d e s c e n t  o f  Venera-5 and 
Venera-6 were w i t h i n  t h e  
e r r o r s  bounds of measurements 
for t h e  whole r a n g e  o f  
t ime scales from 2 - 1 0  s e c  
t o  1 0  - 20 min. The s m a l l  
d i f f e r e n c e  a t  t h e  b e g i n n i n g  
of t h e  Venera-6 d e s c e n t  
between measured and 
c a l c u l a t e d  v e l o c i t y  i s  pro-  
b a b l y  connec ted  w i t h  e r ro r  
i n  t h e  d e t e r m i n a t i o n  of  
d e s c e n t  v e l o c i t y .  The r o o t  
mean s a u a r e  v a l u e  f o r  

I 

f l u c t u a t i o n s  was p r a c t i c a l l y  c o n s t a n t  and w a s '  e q u a l  t o  0 . 2 8  - 
0.32  m/sec f o r  Venera-5 and 0 . 2 4  - 0.28 m/sec f o r  Venera-6. The 
maximum v a l u e s  f o r  f l u c t u a t i o n s  do n o t  exceed 0 . 5  m/sec. Assuming 
i s o t r o p i c  t u r b u l e n c e ,  t h e  same upper  l i m i t s  a re  a l s o  o b t a i n e d  f o r  

I f l u c t u a t i o n s  i n  h o r i z o n t a l  v e l o c i t y .  
I 

If i t  i s  assumed t h a t  t h e  r e l a t i v e  i n t e n s i t y  of t u r b u l e n c e  
Y = outh/uh i n  t h e  Venusian atmosphere has t h e  same o r d e r  o f  
magni tude as i t  has i n  t h e  E a r t h  atmosphere, i t  i s  p o s s i b l e  t o  
estimate t h e  v a l u e  f o r  wind v e l o c i t y  i n d i r e c t l y .  According t o  
e x p e r i m e n t a l  data [18] t h e  v a l u e  Y depends on wind v e l o c i t y  and 
a l t i t u d e ;  even i n  t h e  f r ee  a t r o s p h e r e  o f  t h e  E a r t h  i t  i s  e q u a l  t o  



I '  
0 .02  - 0 . 1  ( f o r  Venera-4, Y = 0.04). Then, a t  (TU' = 0 . 3  m/sec 
we o b t a i n  a wind v e l o c i t y  o f  n o t  more t h a n  3 - If; mpsec through-  
o u t  t h e  e n t i r e  d e s c e n t  o f  Venera-5 and Venera-6; t h i s  i s  o f  c o u r s e  
a rough estimate. It shou ld  be no ted ,  moreover,  t h a t  0 . 3  m/sec i s  -- /1.43 
t h e  l i m i t  o f  t h e  e r r o r  o f  measurements;  y e t  t h e  a c t u a l  v a l u e  f o r  
f l u c t u a t i o n s  i n  v e l o c i t y  was a p p a r e n t l y  much l e s s .  

I V . 4 .  The R e s u l t s  o f  t h e  Mariner-5 Measurements 

The American s p a c e c r a f t  Mariner-5 f lew p a s t  Venus on 
October  19, 1967 ( t h e  day a f t e r  Venera-4 descended i n t o  t h e  
a tmosphe re )  a t  a minimum d i s t a n c e  of 4 1 0 0  km frori t h e  p l a n e t a r y  
s u r f a c e . l l  F i g .  55 shows a d iagram o f  t h e  Mariner-5 f ly-by  
t r a j e c t o r y  i n  a n  e q u a t o r i a l  p r o j e c t i o n  and F i g .  23 marks t h e  r e g i o n s  
where r a d i o  p robes  of  t h e  atmosphere on t h e  night ,  and day s ides  
t o o k  p l a c e .  A s  t h e  s p a c e c r a f t  pas sed  behind  t h e  p l a n e t ,  t h i s  r e g i o n  
was l o c a t e d  i n  t h e  n o r t h e r n  hemisphere a t  l a t i t u d e  37ON a t  a s o l a r  
z e n i t h  a n g l e  o f  142.3O. A s  i t  came from behind  t h e  p l a n e t ,  t h i s  
r e g i o n  was l o c a t e d  i n  t h e  s o u t h e r n  hemisphere a t  l a t i t u d e  32.4"s 
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at-a s o l a r  z e n i t h  a n g l e  of  33.3'. 
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F i g .  55. Diagram o f  t h e  f l y - b y  
t r a j e c t o r y  o f  t h e  Mariner-? 
s p a c e c r a f t  i n  an e q u a t o r i a l  
p r o j e c t i o n .  0 and @ d e s i g n a t e  
the d i r e c t i o n s  toward t h e  Sun 
and t h e  E a r t h .  The dashed  l i n e  
i s  t h e  c o n d i t i o n a l  boundary o f  
t h e  shock wave. The d o t t e d -  
dashed l i n e  i s  t h e  ionopause .  
Key:  a .  Mariner-5 c .  S o l a r  

b .  Venera-4 wind 

The prob:.ng o f  the  
a tmosphere  took  p l a c e  a t  t h r e e  
r a n g e s  o f  rad2.o waves -- a t  
f r e q u e n c i e s  f -  = 49.8 MHz, 

2297 MHz. Measuremen and f 2  s = i n  
f 2  = 423.3 MH;., 

t h e s e  f r e q u e n c i e s  p rov ided  
i n f o r m a t i o n  about  t h e  p a r a m e t e r s  
o f  t h e  p l a n e t ' s  n e u t r a l  
a tmosphere  and i o n o s p h e r e .  

The workE, of  Kl iore  et a1 
and F j e l d b o  et, a1 [304, 305, 
382, 5781 cont .a in  a d e t a i l e d  
analysis o f  the method and a 
d e s c r i p t i o n  ol' t h e  c h a r a c t e r i s t i c s  
of t h e  r a d i o  equipment'. We w i l l  
l i m i t  o u r s e l v e s  h e r e  t o  a s h o r t  
accoun t  of  t h e  fundamenta l  
p r i n c i p l e s  d i i I e c t l y  r e l a t e d  t o  
o b t a i n i n g  e x p e r i m e n t a l  r e s u l t s .  

Fig. 56 shows a d iagram 
t h a t  g i v e s  some n o t i o n  abou t  
t h e  geometry of r a d i o  wave 
p r o p a g a t i o n ,  r i e l a t i o n  t o  
a l t i t u d e ,  and t h e  c o n n e c t i o n  of 

~ ~ 

l1 See  t h e  n o t e  on p .  7 6 .  
p l a n e t a r y  s u r f a c e  a t  p e r i a p s i s  was 5785 km. 

The d i s t a n c e  between Mariner-10 and t h e  



t h e  r e c o r d e d  p h a s e  o f  t h e  r e c e i v e d  r a d i o  s i g n a l  t o  t h e  f ly-by  
t r a j e c t o r y  of t h e  s p a c e c r a f t .  
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F i g .  56.  The geometry o f  
radio-wave p r o p a g a t i o n  and t h e  
r e l a t i o n  of a n g l e s  t h a t  e n a b l e  
an  a l t i t u d e  c o r r e l a t i o n  t o  b e  
made i n  a r a d i o  r e f r a c t i o n  
e x p e r l m e n t  [305].  C f .  t h e  t e x t  
f o r  t h e  e x p l a n a t i o n s  of t h e  
d e s i g n a t i o n s .  

Key : a .  
b .  
C .  
d .  

Sp a c  e c  r a f t 
P l a n e t  
Ray p a t h  asymptotes  
Ground t r a c k i n g  s t a t i o n  

A s  t h e  Mariner-5 p a s s e d  
behind t h e  p l a n e t ,  t h e  i n c r e a s i n g  
a t m o s p h e r i c  d e n s i t y  i n c r e a s e d  t h e  
e f f e c t i v e  p a t h ,  because  of  t h e  
bending of  t h e  r a d i o  r a y  as a 
r e s u l t  of r e f r a c t i o n & 2  
defocused  t h e  s i g n a l  as w e l l ,  
because  o f  change i n  t h e  
g r a d i e n t  of t h e  r e f r a c t i v e  
index;and  as a r e s u l t ,  caused  
a " b l u r r i n g t '  o f  t h e  r a d i o  r a y  
t o  a l a r g e  s o l i d  a n g l e .  The 
combinat ion o f  t hese  e f f e c t s  
was r e c o r d e d  a t  ground t r a c k i n g  
s t a t i o n s  i n  t h e  form o f  
f requency-phase changes of  t h e  
r a d i o  s i g n a l  and as a weakening 
of i t s  power l e v e l .  The r e s u l t s  
o f  t h e s e  measurements t o g e t h e r  
w i t h  data from measurements 
of  t r a j e c t o r y  p a r a m e t e r s ,  as well  
as a p r o g n o s i s  of  t h e  space-  
c r a f t ' s  motion i n  t h e  immersion 
r e g i o n ,  p r o v i d e  t h e  n e c e s s a r y  
s t a r t i n g  mater ia l  f o r  a 
c a l c u l a t i o n  o f  a t m o s p h e r i c  
c h a r a c t e r i s t i c s .  

The l i m i t i n g  a l t i t u d e  /I45 
r e s o l u t i o n  a c h i e v e d  i n  r a d i o  
o c c u l t a t i o n  e x p e r i m e n t s  i s  
de termined  by  t h e  s i z e  of  t h e  
f i r s t  F r e s n e l  zone. If there  i s  
no a t m o p s h e r i c  r e f r a c t i o n ,  t h e  
s i z e  of these zones f o r  
r a n g e s  fl, f 2 ,  and f 3  were 

were 1 4 ,  5 and 2.4 km r e s p e c t i v e l y .  Due t o  t h e  e f f e c t s  o f  r e f r a c t i o n ,  
t h e  c u r v a t u r e  of t h e  wave f r o n t  i n c r e a s e s ,  and t h e  F r e s n e l  zones 
i n s t e a d  o f  becoming c i r c u l a r ,  become e l l i p t i c a l ,  w h e r e i n  t h e  minor 
a x i s  o f  t h e  e l l i p s e  i s  o r i e n t e d  i n  a v e r t i c a l  d i r e c t i o n .  The 
a l t i t u d e  r e s o l u t i o n  i s  s l i g h t l y  h i g h e r  i n  t h o s e  r e g i o n s  o f  t h e  
n e u t r a l  a tmosphere t ha t  c a u s e  d e f o c u s i n g ;  c o n v e r s e l y ,  t h e  

1 2 S t r i c t l y  s p e a k i n g ,  n o t  o n l y  r e f r a c t i o n  i n f l u e n c e s  t h e  s h i f t  o f  
p h a s e ;  
and the  speed  o f  l i g h t  i n  f r e e  s p a c e  a l s o  i n f l u e n c e s  t h e  s h i f t  o f  
p h a s e .  However, t h e  magnitude of  t h i s  e f f e c t  i s  n e g l i g i b l e  and i t  
i s  p o s s i b l e  t o  d i s r e g a r d  i t .  

t h e  d i f f e r e n c e  between r a d i o  wave p r o p a g a t i o n  v e l o c i t y  
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t h e  r e s o l u t i o n  i s  reduced  i n  t h o s e  p o r t i o n s  o f  t h e  i o n o s p h e r e  
t ha t  produce  f o c u s i n g .  

The de t a i l ed  s t r u c t u r e  of  the s t u d i e d  r e g i o n  of  t h e  
atmosphere and i t s  r e l a t i o n  t o  a p l a n e t o c e n t r i c  c o o r d i n a t e  sys tem 
depends d i r e c t l y  on t h e  accuracy  o f  t h e  t r a j e c t o r J r  measurements.  
Although c l o s e  t o  Venus t h e  measurements o f  Mariner-5 l o c a t i o n  and 
v e l o c i t y  were made i n  an  i n c o h e r e n t  mode ( b e c a u s e  of t h e  h i g h  ra te  
of f r e q u e n c y  d e v i a t i o n  (up t o  50 Hz/sec) and sevei'e d e f o c u s i n g  of  
t h e  s i g n a l ) ,  p r e d i c t i o n s  of motion upon immersion and emersion 
were a c c u r a t e  enough t o  a s s u r e  a good a l t i t u d e  c o i ~ e l a t i o n .  
O v e r a l l  f r e q u e n c y  v a r i a t i o n  caused by a tmospher ic  i n f l u e n c e  o n l y  
was about  1 6  kHz. 

Frequency change i n  an e l e c t r o m a g n e t i c  wave i s  re la ted  t o  
t he  v e l o c i t y  of t h e  s o u r c e  by t h e  s i m p l e  r e l a t i o n  

(IV.19) 
\ ORIGINAL PAGE IS 
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where f s  i s  t h e  t r a n s m i t t e d  f r e q u e n c y ,  4 i s  t h e  a n g l e  between 
t h e  v e l o c i t y  v e c t o r  and t h e  d i r e c t i o n  t o  t h e  t r a c k i n g  s t a t i o n ,  w i t h  
r a d i o  r a y  bending  due t o  r e f r a c t i o n  i n c l u d e d .  

I n  t h e  a c t u a l  geomet ry  c o r r e s p o n d i n g  t o  t h e  c o n d i t i o n s  i n  
which t h e  Mariner-5 exper iment  was made ( c f .  F i g .  5 6 ) ,  t h e  form of' 
r e l a t i o n  (IV.19) becomes more complex when t h e  mo';ion of b o t h  t h e  
s p a c e c r a f t  and t h e  t r a c k i n g  s t a t i o n  a r e  c o n s i d e r e d  -- even though 
t h e  s t r u c t u r e  o f  t h e  r e l a t i o n  remains  s i m i l a r .  In a c y l i n d r i c a l  
c o o r d i n a t e  s y s t e m  f o r  a d u a l  f requency  e x p e r i m e n t ,  i t  i s  
w r i t t e n  i n  t h e  form[3051 

(IV.20) 

where vrs i s  t h e  s p a c e c r a f t  v e l o c i t y  i n  t h e  rad ia l  d i r e c t i o n ,  
i s  t h e  s p a c e c r a f t  v e l o c i t y  i n  t h e  z d i r e c t i o n ,  vr.; i s  t h e  v e l o c i t y  
o f  t h e  t r a c k i n g  s t a t i o n  i n  t h e  r a d i a l  d i r e c t i o n ,  iLnd v i s  t h e  
v e l o c i t y  o f  t h e  t r a c k i n g  s t a t i o n  i n  t h e  z d i r e c t i o n .  
i n v o l v e d  i n  t h e  above e q u a t i o n  a re  d e f i n e d  i n  F i g ,  56, 
of  r e f r a c t i o n  a i s  d e f i n e d  as a = 6, t e,. 
p l a n e t ' s  c e n t e r  of mass t o  t h e  asymptote  i n  t h e  d:Lrect ion of r a d i o  
r a y  p r o p a g a t i o n ,  i . e . ,  the  s h o r t e s t  d i s t a n c e  from t h e  c e n t e r  o f  

vz  

!&e a n g l e s  
The a n g l e  

The d:Lstance from t h e  



mass t o  t h e  l i n e  o f  s i g h t  a ,  i s  e x p r e s s e d  i n  t h e  f o l l o w i n g  form 
C305I: 

The dependence of  f requency  v a r i a t i o n  on t h e  r e f r a c t i v e  i n d e x  
i s  e x p r e s s e d  by t h e  r e l a t i o n  

I : .- 
(IV.21) 

where t h e  i n t e g r a t i o n  i s  done a l o n g  t h e  l i n e  o f  s i g h t  1. The 
measured v a l u e  
e f f e c t s  -- a p o s i t i v e  e f f e c t  i n  a n e u t r a l  a tmosphere and a n e g a t i v e  
e f f e c t  i n  an  i o n i z e d  medium. The u s e  o f  Maxwell e q u a t i o n s  a l l o w s  
u s  t o  o b t a i n  a n  e x p r e s s i o n  f o r  a complex index  of  r e f r a c t i o n  whose 
r ea l  p a r t  e n t e r i n g  i n t o  (IV.21) c2n be p r e s e n t e d  i n  t he  form 

A f D  i s  i n  g e n e r a l  t h e  sum of  two r e f r a c t i v e  

wherein 

Here: n, and ne a re  t h e  c o e f f i c i e n t s  o f  radio-wave r e f r a c t i o n  i n  
a n e u t r a l  and l o n i z e d  medium; m and e are  the  mass and c h a r g e  of 
t h e  e l e c t r o n ;  and N i s  t h e  e l e c E r o n  c o n c e n t r a t i o n  a l o n g  t h e  l i n e  
o f  s i g h t .  If t h e  s p a t i a l  c o o r d i n a t e s  of t h e  t r a n s m i t t e r ,  
p l a n e t ,  and r e c e i v e r  a re  shown, t h e n  one may c a l c u l a t e  t h e  dependence 
o f  t h e  r e f r a c t i v e  i n d e x  on t h e  rad ia l  d i s t a n c e  r ,  i . e . ,  
n ( r )  = n n ( r ) ,  n e ( r >  -. 0 ,  from t h e  f r e q u e n c y  e f f e c t s  A f D  w h i c h  
are cauzed by a n e u t r a l  gas of variable d e n s i t y .  With t h i s  a i m  
i n  mind, one may use t h e  i n t e g r a l  e q u a t i o n  f o r  o p t i c a l  r e f r a c t i o n  
( a  s p e c i a l  c a s e  o f  A b e l ' s  e q u a t i o n ,  which c o n n e c t s  t h e  v a l u e s  
a ( a >  and n ( r ) ) ,  o r  t h e  s l i g h t l y  s i m p l e r  "ad jus tment"  method. I n  
t h e  l a t t e r  c a s e ,  t h e  atmosphere,  presumed t o  b e  s p h e r i c a l  and 
s y m m e t r i c a l ,  i s  broken i n t o  a s e r i e s  o f  c o n c e n t r i c  l a y e r s ;  a s i n g l e  
p o i n t  on t h e  e x p e r i m e n t a l  c u r v e  A f D ( t )  c o r r e s p o n d s  t o  e a c h  one o f  
t h e  layers .  For t h e s e  l aye r s ,  b e g i n n i n g  from t h e  topmost ,  t he re  
a re  s u c c e s s i v e l y  computed v a l u e s  n a t  r ad ia l  d i s t a n c e  r ,  v a l u e s  t h a t  
c o r r e s p o n d  t o  a bending o f  t h e  r a d i o  r a y  de te rmined  by  t h e  a n g l e  
o f  r e f r a c t i o n  a. S i n c e  t h e  r a d i o  r a y  passes t h r o u g h  a l l  p r e v i o u s  
l a y e r s  a s  i t  moves t o  a lower l a y e r ,  t h e  bending  t h e y  c a u s e  i s  
computed, s o  t h a t  i n  o r d e r  t o  d e t e r m i n e  t h e  r e f r a c t i v e  i n d e x  o f  t h i s  
layer, t he  r e m a i n i n g  d i f f e r e n c e  o f  t h e  c o r r e s p o n d i n g  a n g l e  of  
r e f r a c t i o n  a i s  used .  R e p e a t i n g  t h i s  p r o c e d u r e  f o r  a l l  l a y e r s  
a l l o w s  us  t o  o b t a i n  t h e  p r o f i l e  n ( r ) .  

1'14'7 

From t h e  a l t i t u d e  p r o f i  e o f  t h e  r e f r a c t i v e  i n d e x  ( o r  t h e  
r e f r a c t i v i t y  I ( r )  = (n - 1 ) e l O  i >, i t  i s  n o t  d i f f i c u l t  t o  c a l c u l a t e  
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t h e  a tmospher ic  c h a r a c t e r i s t i c s ,  i f  i t  i s  k e p t  i n  mind 
t h a t  t h e  r e f r a c t i v e  i n d e x  o f  a t m o s p h e r i c  d e n s i t y  i s  propor-  
t i o n a l  t o  t h e  c o n d i t i o n  o f  h y d r o s t a t i c  e q u i l i b r i u m  (IV.3). The 
d e n s i t y  g r a d i e n t s  are  r e l a t ed  t o  t h e  g r a d i e n t s  of  t h e  r e f r a c t i v e  
i n d e x  by 

-. , ! / I  - ! I ,  
i. -- 

(IV.23) , I  I )t*,,;:--..:- Ti* :3 
,,.;; I )  L. * -  - 7  -r .._. r i u  A. I 

The c o e f f i c i e n t  c depends on t h e  chemica l  composi t ion  o f  t h e  
a tmosphere .  
c o n t r i b u t i o n s  o f  N2 are o f  l i t t l e  i n f l u e n c e .  

and d p / d r  a l l o w s  one t o  d e t e r m i n e  t h e  v a l u e  HP f o r  a l l  c o n d i t i o n a l  
i s o t h e r m a l  l a y e r s  c o r r e s p o n d i n g  t o  t h e  number of  d i v i s i o n ,  i n  
whose bounds a cons tancy  of  t he  s c a l e  h e i g h t  i s  assumed. The 
t e m p e r a t u r e  i s  e a s i l y  computed from H p  a t  a s p e c i f i e d  F, and t h e  
p r e s s u r e  P ( h )  i s  de termined  from t h e  gas-state e q u a t i o n  ( I V . 4 ) .  
It i s  e v i d e n t  t ha t  t h e  la rger  t h e  number of  layer:: t h e  c u r v e  n ( r )  
i s  d i v i d e d  i n t o ,  t h e  more a c c u r a t e l y  t h e  r ea l  t e m p e r a t u r e  and 
p r e s s u r e  p r o f i l e s  a r e  approximated.  The a c c u r a c y  of t h e  r e s u l t s  
o b t a i n e d  depends d i r e c t l y  a l s o  on t h e  e r r o r s  of  t h e  method i t s e l f ,  
s p e c i f i c a l l y  on t h e  s t a b i l i t y  o f  t h e  onboard o s c i : . l a t o r .  According 
t o  C304, 3051, t h e  a c c u r a c y  o f  measurements i s  s l i - g h t l y  lower a t  
a l t i t u d e s  of  more t h a n  70 km, while  below t h i s  l e v e l  t h e  e r r o r  
i n  computed v a l u e s  o f  T ( h )  and P ( h )  is n o t  more t h a n  1%. 

A d d i t i o n a l  i n f o r m a t i o n  about  t h e  atmosphere i s  g i v e n  by 
a n a l y s i s  o f  measurements o f  the  a t t e n u a t i o n  of r a d i o  s i g n a l s  due 
t o  d e f o c u s i n g  l e a d i n g  t o  a d e c r e a s e  i n  i t s  a m p l i t u d e .  
t h e  a t t e n u a t i o n  o f  t h e  e l e c t r o m a g n e t i c  wave -- car1 be computed 
from a r e l a t i o n  that  h o l d s  t r u e  f o r  an  i s o t h e r m a l  a tmosphere a t  
small  bending of t h e  r a y :  

For carbon d i o x i d e  c = 0 . 2 3  cm3/g; p o s s i b l e  s m a l l  
Because t h e  s c a l e  

h e i g h t  of a l t i t u d e s  v s .  d e n s i t y  H p  = - dpl/dr, P knowing p and 

/148 -- 

T h i s  amount -- 

where  @ O  i s  t h e  i n t e n s i t y  of  t h e  s i g n a l  i n  t h e  absence  o f  r e f r ac -  
t i o n ,  @ i s  t h e  i n t e n s i t y  o f  the s i g n a l  w i t h  r e f r a c t i o n ,  L i s  t h e  
d i s t a n c e  from t h e  o b s e r v e r  t o  t h e  s o u r c e ,  and R i:; t h e  d i s t a n c e  
from t h e  o b s e r v e r  t o  t h e  p l a n e t .  The r e f r a c t i v e  i.ndex n re fe rs  
t o  t h e  l a y e r  from whose base h i s  reckoned a t  H = c o n s t .  By 
u s i n g  t h i s  method, i t  i s  p o s s i b l e  i n  p r i n c i p l e  t o  d e t e r m i n e  a l t i t u d e  
p r o f i l e s  f o r  a t m o s p h e r i c  t e m p e r a t u r e  and p r e s s u r e  a t  f r e q u e n c i e s  
fl and f 2  i n d e p e n d e n t l y  o f  r a d i o  r e f r a c t i o n  measui%ements a t  
f requency  f 3 .  
f r e q u e n c i e s  and a t r a n s m i t t e r  on a s p a c e c r a f t  r e t r a n s m i t s  t h i s  
s i g n a l ;  t h e  s i g n a l  p a s s e s  t h e r e f o r e  t w i c e  t h r o u g h  t h e  Venusian 
atmosphere.  
s e v e r e l y  by i o n o s p h e r i c  s c i n t i l l a t i o n s  and m u l t i p a t h  p r o p a g a t i o n  
and t h e r e f o r e  t u r n e d  o u t  t o  b e  i l l - s u i t e d  t o  t h e  s t u d y  o f  t h e  

The ground s t a t i o n  t r a n s m i t s  signa1.s a t  t h e s e  

A t  f requency  f l ,  however, t h e  s i g n a l  was a f f e c t e d  q u i t e  



cha rac t e r i s t i c s  of  t h e  n e u t r a l  atmosphere.  The da t a  a t  f 2  may 
be  used for t h i s  p u r p o s e ,  i f  one b e g i n s  from t h e  assumpt ion  t h a t  
t r u e  a b s o r p t i o n  by  t h e  atmosphere i s  a b s e n t  and tha t  t h e  r a d i o  
s i g n a l ' s  a m p l i t u d e  v a r i e s  m o n o t i c a l l y  w i t h  d e c r e a s e  i n  a l t i t u d e .  

n i g h t  and day sides -- as  o b t a i n e d  from t h e  Mariner-5 r a d i o  
r e f r a c t i v i t y  measurements -- are  shown i n  F i g .  57 ( t e m p e r a t u r e )  /149 
and F i g .  58 ( p r e s s u r e )  [3051. The r e s u l t s  c o r r e s p o n d  t o  v a l u e s  
of  n u m e r i c a l  d e n s i t y  n = p p assuming 1 0 0 %  C02 o r  95% CO 
these v a l u e s  a r e  computed from averaged  v a l u e s  
t h e  l i m i t s  of  layers  0 . 1  km t h i c k .  The c u r v e s  T ( h )  and P ( h )  
c o r r e s p o n d  t o  t h e  r e s u l t s  of measuring the a m p l i t u d e  of t h e  r a d i o  
s i g n a l  a t  f requency  f 
r e f r a c t i v i t y  data.  

The a l t i t u d e  p r o f i l e s  for t h e  a tmospher ic  p a r a m e t e r s  f o r  t h e  

and 5% Nz; 
a ( a )  = n f r )  i n  

and a re  g e n e r a l l y  i n  good agreement w i t h  
I$ s h o u l d  be remembered t h a t  e r r o r  i n  a m p l i t u d e  

I measurements grows q u i c k l y  w i t h  d e c r e a s e  i n  a l t i t u d e  due t o  t h e  
I r i s e  i n  n o i s e  l e v e l .  

U , , i s . . ,  

"\ "' 

ORIGINAL PAGE @ 
OF POOR QUALITY 

a b 

F i g .  57. Atmospheric t e m p e r a t u r e  v s .  p l a n e t o c e n t r i c  d i s t a n c e  
(r) o r  v s .  a l t i t u d e  ( h )  from t h e  Mariner-5 measurements on 
t h e  day  ( a )  s i d e  and n i g h t  ( b )  s i d e  of  t h e  p l a n e t .  The r e s u l t s  
a re  g i v e n  i n  two s c a l e s  of  T and c o n d i t i o n a l l y  i n c l u d e  a 
p o s s i b l e  d i f f e r e n c e  i n  a t m o s p h e r i c  composi t ion  ( 1 0 0 %  C02 
and 95% C02,  5 %  N2). The s c a l e  of a l t i t u d e  above t h e  s u r f a c e  
i s  g i v e n  assuming R = 6050 km. 

s a t u r a t i o n  l i n e s  for v a r i o u s  

Key: a.  H20 c o n c e n t r a t i o n  

The dashed l i n e s  a re  H20 P 
mixing r a t i o s  f [3051. 

* 2 0  

b .  Wet 
c .  Dry 
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The measurements whose r e s u l t s  a r e  shown i n  F i g s .  57 and 
58 c o v e r  a r a n g e  o f  a l t i t u d e s  from about  35 t o  a b o u t  90 km. C l o s e  
t o  90 km, t h e r e  are marked changes i n  t h e  r a d i o  s i g n a l  due t o  
t h e  i n f l u e n c e  o f  t h e  n e u t r a l  a tmosphere.  The lower  l e v e l  i s  t h e  
a l t i t u d e  a t  which s u p e r  r e f r a c t i v e  c o n d i t i o n s  i n  t h e  atmosphere 
a r e  r e a c h e d ,  i.e., t h e  r a d i u s  o f  c u r v a t u r e  o f  a r a y  i s  e q u a l  t o  /150 
t h e  r a d i u s  of t h e  p l a n e t .  S t a t t o n  [520] e x a n i n e s  i n  d e t a i l  t h e  
p e c u l i a r i t i e s  o f  o p t i c a l  and r a d i o  r e f r a c t i o n  on Venus. 

The Mariner-10 r a d i o  r e f r a c t i v i t y  measurements [577]  a r e  
g e n e r a l l y  i n  good agreement  w i t h  t h e  r e s u l t s  shown i n  F i g s .  57 
and 58. Fo r  t h i s  exper iment ,  f r e q u e n c i e s  o f  2295 MHz (similar t o  
f on Mariner-5)  and 8415 l"IHz were used.  The n o i s e  t e m p e r a t u r e s  o f  
t8e  r e c e i v e r s  were 13.4OK and 2 1 . 5 O K  r e s p e c t i v e l y .  
o c c u r r e d  on t h e  n i g h t  s ide  a t  a p o i n t  whose c o o r d i n a b s w e r e  ( i n  
I A U  n o m e n c l a t u r e )  O.goN and 69 .5OE a t  a s o l a r  z e n i t h  d i s t a n c e  of  
t h e  Sun o f  117.6O; and emers ion  o c c u r r e d  on t h e  day s ide a t  a p o i n t  
whose c o o r d i n a t e s  were 5 6 . 3 " S ,  236.4OE a t  a s o l a r  z e n i t h  d i s t a n c e  
of 67.1O. The a n g l e  of t h e  maximun r a y  c u r v a t u r e  f o r  t h e  chosen 
geometry o f  the  f ly-by  t r a j e c t o r y  was 1 2 . 6 O ,  which a l lowed 
p r o b i n g  a t  a f r e q u e n c y  f 3  t o  40 km above t h e  s u r f a c e  ( a t  R 
6052 km). 
s i g n a l  was n o t e d  a t  5 1  km. 

1mr.ersion 

= 
$! t h e  A t  a f r e q u e n c y  o f  8415 MHz, a r a p i d  f a d i n g  o f  

~ 

l;  ,, 'r,." I. , _  '. . , " ,,"? , ,p, ,!,-,',lj,~, ";I .I , . __ _-. .. - .. . . . 
~. . .  . , . I  . . .  

F i g .  58. Atmospheric p r e s s u r e  vs. p l a n e t o c e n t r i c  d i s t a n c e  (r) 
or v s .  a l t i t u d e  ( h )  f rom t h e  Mariner-5 measurements on t h e  
day ( a )  and n i g h t  (b) sides o f  t h e  p l a n e t  [305].  S e e  
e x p l a n a t i o n s  for F i g .  57. 
Key: 1. atm 

2.  k m  

We have n o t  y e t  d e a l t  w i t h  t h e  q u e s t i o n  o f  t r u e  a b s o r p t i o n  
o f  r a d i o  waves by the  Venusian atmosphere.  Yet It i s  p o s s i b l e  
t o  o b t a i n  s p e c i f i c  d a t a  about  i t s  s t r u c t u r e  from t h e  c h a r a c t e r  of 
t h i s  a b s o r p t i o n .  
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Loss c o e f f i c i e n t  p r o f i l e s  a t  f requency  f ( i n  u n i t s  db/km) /151 
as a f u n c t i o n  o f  a l t i t u d e  on t h e  p l a n e t ' s  day  aJd n i g h t  s ides ,  
p r o f i l e s  o b t a i n e d  by a v e r a g i n g  o v e r  i n t e r v a l s  from 0.5 t o  4 km, 
a s  shown i n  F i g .  59 i s  a c c o r d i n g  t o  [305].  The loss i n  radio 
s i g n a l  due t o  d e f o c u s i n g  was c a l c u l a t e d  by  u s i n g  data on measure- 
ments of a m p l i t u d e  o f  t h e  s i g n a l  a t  f requency  f o r  by i n t r o d u c i n g  
a c a l c u l a t e d  c o r r e c t i o n  f o r  t h e  magnitude of  t h ? s  e f f e c t  i n t o  t h e  
measured v a l u e s  a t  f 3 .  I n  s o  d o i n g ,  t h e  remain ing  f i n e  s t r u c t u r e  
of t h e  p r o f i l e  t u r n s  o u t  t o  b e  v a r i a b l e ;  t h i s ,  g e n e r a l l y  s p e a k i n g ,  
does n o t  a l l o w  any g e n e r a l  c o n c l u s i o n s  a b o u t  t h e  r e l a t i o n  between 
i n d i v i d u a l  anomal ies  and t h e  a c t u a l  s t r u c t u r e  o f  t h e  a tmosphere .  
N e v e r t h e l e s s ,  i t  f o l l o w s  from a n  examinat ion  o f  t h e  c u r v e s  on 
F i g .  59 tha t  t h e  losses ,  which are  p r o b a b l y  connec ted  w i t h  
a b s o r p t i o n  o r  t u r b u l e n c e ,  o c c u r  below 50 - 54 km; and between 37 and 
50 km t h e y  a r e  e q u a l  on t h e  a v e r a g e  t o  ( 4  - 5) .10-3 db/km. 
t h e  same t ime,  two r e l a t i v e  maxima, which a re  l o c a l i z e d  n e a r  4 0  
and 47 km and which do n o t  appear on t h e  day hemisphe re ,  are n o t e d  
on t h e  n i g h t  s ide .  We w i l l  d e v o t e  some a t t e n t i o n  t o  t h e  p o s s i b i e  
c a u s e s  of  t h i s  b e h a v i o r  o f  t h e  r a d i o  s i g n a l  when we d i s c u s s  t h e  
s t r u c t u r e  o f  the  atmosphere.  

At 

Fig .  59. V a r i a t i o n  i n  t h e  l o s s  of t h e  r a d i o  s i g n a l  a t  
f r e q u e n c y  f (loss c o e f f i c i e n t  p r o f i l e )  on t h e  day ( a )  
and t h e  n i g i t  (b) s ides  of t h e  p l a n e t  C305-J. 
e x p l a n a t i o n  i n  F i g .  57. 
Key: 1. A t t e n u a t i o n ,  db/km 

C f .  

I V . 5 .  Estimates o f  Water Vapor and Ammonia Content  i n  t h e  Venusian 
Troposphere From Radio Astronomy Measurements 

Measurements of  water vapor  c o n t e n t  on Venera-4, Venera-5 
and  ene era-6 r e f e r  t o  t h e  upper  r e g i o n s  o f  t h e  p l a n e t a r y  t r o p o s p h e r e ,  
where p r e s s u r e s  are about  1 atm, It i s  p o s s i b l e  t o  e x p e c t  t h a t  i n  
c o n n e c t i o n  w i t h  phase t r a n s i t i o n s  o f  water, t h e  Z l t i t u d e  d i s t r i b u t i o n  
of r e l a t i v e  water vapor  c o n t e n t  w i l l  n o t  b e  c o n : ' a n t .  I n  t h e  
Ea r th ' s  a tmosphere ,  t h e  r e l a t i v e  humidi ty  i s  higt;est a t  t h e  s u r f a c e  

' 
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and d i m i n i s h e s  w i t h  a l t i t u d e  L1661.  T h i s  i s  i n  connec i o n  w i t h  t h e  
f a c t  t h a t  water vapor  i s  formed on  t h e  s u r f a c e  o f  t h e  E a r t h  and  
t h e n  d i f f u s e s  i n t o  t h e  atmosphere.  The c i r c u l a t i o n  o f  water i n  
t h e  E a r t h ' s  atmosphere i s  completed b y  p r e c i p i t a t i o n ,  such  as r a i n  
and snow, which t r a n s p o r t  t h e  water from t h e  c l o u d s  t o  t h e  s u r f a c e .  
The c i r c u l a t i o n  of  water on Venus i s  q u i t e  d i f f e r e n t  from t h a t  on 
Earth.  I n  t h e  atmosphere o f  t h i s  p l a n e t ,  water c a n n o t  e x i s t  as a 
l i q u i d  below a l e v e l  whose t e m p e r a t u r e  and p r e s s u r e  a re  430'K and 
5 . 5  atm ( c f .  F i g .  6 9 ) .  T h e r e f o r e  ( i f  t h e r e  i s  no c o n s t a n t  s o u r c e  
o f  water f o r m a t i o n  on t h e  s u r f a c e  due t o  t h e  p r o c e s s  o f  m e l t i n g  
and d e g a s s i n g  t h e  s u b s t a n c e  o f  t h e  m a n t l e ) ,  t h e  f o r m a t i o n  of  water 
vapor  s h o u l d  o c c u r  n o t  on t h e  s u r f a c e ,  as on Ea r th ,  b u t  a t  a 
s u f f i c i e n t l y  h igh  a l t i t u d e .  I n  t h i s  c a s e ,  water vapor  p e n e t r a t e s  
i n t o  t h e  lower  t r o p o s p h e r e  due t o  d i f f u s i o n  and t u r b u l e n c e ,  and 
t h e  r e l a t i v e  c o n t e n t  o f  water vapor  w i l l  d e c r e a s e  as the s u r f a c e  
i s  n e a r e d .  

The e x p e r i m e n t a l  t e s t i n g  of t h i s  assumpt ion  can be  done 
on t h e  basis  o f  data o f  r a d i o  astronomy and radar astronomy measure- 
ments. An a n a l y s i s  o f  U H F  r a d i o  e m i s s i o n  a b s o r p t i o n  I n  t h e  Venusian 
a tmosphere ,  t h e  amount of  which s t r o n g l y  depends on water vapor  
c o n t e n t ,  i s  t h e  basis o f  such  e s t i m a t i o n .  F o r  a r i g o r o u s  s o l u t i o n  
t o  t h i s  problem, i t  i s  n e c e s s a r y  t o  know t h e  d i s t r i b u t i o n  of  water 
vapor  v s .  a l t i t u d e .  However, s i n c e  a c c o r d i n g  t o  (11.31) a b s o r p t i o n  
by water vapor  i s  p r o p o r t i o n a l  t o  a t o t a l  p r e s s u r e  P and a b s o l u t e  
humidi ty  a ,  t h e  lower  t r o p o s p h e r e  makes t h e  greatest  c o n t r i b u t i o n  
t o  t h i s  a b s o r p t i o n .  T h e r e f o r e ,  t h e  abundance of  w a t e r  v2por  i n  
t h e  lower t r o p o s p h e r e  d e t e r m i n e s  such a b s o r p t i o n .  

For a 9 7 %  C02 atmosphere,  whose t e m p e r a t u r e  and p r e s s u r e  are  1'153 
d e f i n e d  b y  t h e  model g i v e n  i n  t h e  Appendix, radar  c r o s s  s e c t i o n  
measurements a t  wavelength 3.8 c m  i s  or = 0.017, which i s  i n  
agreement  w i t h  t h o s e  de te rmined  f o r  l o n g e r  wavelengths  o f  X > 20 cm, 
t h a t  i s , o p 0  = 0.15  ( t h e  o p t i c a l  t h i c k n e s s  o f  t h e  a tmospheere a t  
3.8 cm wavelength  i s  '13 8 = 1.1). 
water  vapor  c o n t e n t  i n  t h e  lower  t r o p o s p h e r e  of fH20 = 0.1%. I n  
t h i s ,  t h e  c a l c u l a t e d  dependence % ( A >  i s  a l s o  i n  good agreement w i t h  
t h e  e x p e r i m e n t a l  data a t  t he  i n t e r m e d i a t e  wavelength X = 12.5 cm 
( c f .  F ig .  1 5 ) .  
w i t h i n  t h e  measurement e r r o r  Aa, = 2 0 .010  [144]. 

I n  a d d i t i o n ,  a n  a n a l y s i s  o f  t h e  r e s u l t s  o f  measur ing  t h e  
wavelength dependence of  t h e  b r i g h t n e s s  t e m p e r a t u r e  o f  Venusian 
r a d i o  e m i s s i o n  i n d i c a t e s  a lower  r e l a t i v e  water vapor  c o n t e n t  i n  
comparison t o  t h e  Venera-4, -5, and -6 measurements,  which were 
made a t  a n  a l t i t u d e  o f  about  50 km. 

measurements ( A )  and a c a l c u l a t i o n  o f  t h i s  dependence f o r  a 

model f o r  two v a l u e s  of r e l a t i v e  water vapor  c o n t e n t  fH20 = 
0 . 1 %  and 0 . 5 % .  
c a l c u l a t i o n  f o r  f R  = 0 . 1 %  t h a n  f o r  fH = 0 . 5 % .  

T h i s  c o r r e s p o n d s  t o  a r e l a t i v e  

V a r i a t i o n s  o f  fH20 from 0 t o  0 . 2 %  are  p o s s i b l e  

F i g .  6 0  ( u s i n g  t h e  data from Table 5 )  shows t h e  r e s u l t s  of / I 5 4  

The e x p e r i m e n t a l  data cor respond b e t t e r  t o  t h e  

2 0  2 



J a n s s e n  e t  a 1  [ 3 6 0 3  have made t h e  most r e c e n t  e s t i m a t e  of 
water vapor  c o n t e n t  i n  the  lower atmosphere of  Venus. They made 
s p e c i a l  r a d i o  astronomy measurements a t  wavelengths  c l o s e  t o  t h e  
w a t e r  vapor  a b s o r p t i o n  l i n e .  A comparison o f  t h e  b r i g h t n e s s  
t e m p e r a t u r e  t h a t  t h e y  measured a t  s i x  wavelengths  w i t h  t h e  

spec t rum T 

t h a t  t h e  c a l c u l a t i o n  and t h e  measurements are n o t  i n  c o r r e s p o n d e n c e  
at fH20 
w i t h  a C02 atmosphere w i t h  a p o s s i b l e  upper  l i m i t  fH20 2 0 . 2 % ) .  
Because t h e r e  i s  no gap i n  t h e  measured spec t rum 

B9 
( A )  c a l c u l a t e d  for f H  = 0 and 0 . 5 %  ( F i g .  6 1 )  shows 

B? 2 

= 0 . 5 % .  (The measured b r i g h t n e s s  t e m p e r a t u r e  i s  i n  agreement  

T ( A )  a t  B9 
t h e  wavelength  o f  t h e  water vapor  a b s o r p t i o n  l i n e ,  fH20 - < 0.4%. 
These same a u t h o r s ,  u s i n g  r a d i o  i n t e r f e r o m e t r y  measurements w i t h  a 
b a s e  of  up t o  2 0 , 0 0 0  wavelengths ,  made a second,  independent  estimate 

The d e t e r m i n a t i o n  of t h e  l i m b  d a r k e n i n g  and t h e  
Of f H z O *  
e q u i v a l e n t  diameter of  t he  e m i t t i n g  d,sk a t  a f requency  o f  2 2 . 1  Gh'z 
( A  = 1 .35  cm) and a comparison w i t h  the  r e s u l t s  of measur ing  t h e  
same parameters at a frequency of 25.4 GHz ( F i g .  6 2 )  likewise do /155 
n o t  i n d i c a t e  t h e  p r e s e n c e  of w a t e r  vapor;  t h e y  a r e  i n  good agreement  
only w i t h  C02 a b s o r p t i o n .  
measurements,  the  upper  l e v e l  o f  r e l a t i v e  water vapor  c o n t e n t  
i s  fH20 5 3.5.10-3. 

According t o  r a d i o  i n t e r f e r o m e t r y  

F i g .  60 .  

1 .  ' I  ' 
,: cm 

The measured and c a l c u l a t e d  
dependences cf t h e  a v e r a g e  ( f o r  t h e  
a p p a r e n t  d i s k )  b r i g h t n e s s  t e m p e r a t u r e  
o f  Venus T a t  wavelength  X for 
d i f f e r e n t  water vapor  c o n t e n t s :  l ) f H 2 0  = 

% - 

3.1%; 2 )  fH20 = 0 . 5 % .  

Thus, a c c o r d i n g  
t o  r a d i o  astronomy and 
radar measurements,  
t h e  r e l a t i v e  water 
vapor  c o n t e n t  i n  t h e  
lower atmosphere of  - Venus is fHZ0 - 

0.1 - + 0.1%. 

Good agreement  
between c a l c u l a t e d  and 
measured s p e c t r a  of 
t h e  radar c r o s s  
s e c t i o n  c + ( X )  and t h e  
b r i g h t n e s s  t e m p e r a t u r e  
T ( A )  f o r  a c a r b o n  

d i o x i d e  a tmosphere  
w i t h  an  a d d i t i o n  o f  
about  0 . 1 %  w a t e r  
vapor  o b v i a t e s  t h e  
need t o  i n c l u d e  any 
o t h e r  components t h a t  
a b s o r b  UHF r a d i a t i o n  
i n  t h e  c o m p o s i t i o n  

BY 
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I I .  

Frequency,  Hz 
F i g .  61.  The measured and c a l c u l a t e d  
dependences of  TB on f requency  n e a r  
t h e  r e s o n a n c e  l i n e  o f  water vapor  
a b s o r p t i o n  f o r  v a r i o u s  water vapor  
c o n t e n t s .  The s t i p p l e d  areas a r e  
areas o f  assumed v a r i a t i o n  i n  t h e  
c a l c u l a t e d  v a l u e s  o f  FB 
bounds o f  e r r o r s  i n  d e t e r m i n i n g  
a t m o s p h e r i c  parameters 

$ 

w i t h i n  t h e  
P 

o f  t h e  Venusian atmosphere.  
Fur thermore ,  i t  can  b e  said 
tha t  t h e  c o n t e n t  of  these  
components cannot  be l a r g e ,  
and i t  i s  p o s s i b l e  t o  a t tempt  
a n  estimate o f  t h e  upper  
l i m i t s  o f  t h e i r  p o s s i b l e  
c o n t e n t .  

One o f  t h e  components 
t h a t  a b s o r b s  UHF r a d i a t i o n  
c a n  b e  ammonia; Surkov e t  
a l ,  b a s i n g  t h e i r  judgment 
on da t a  from a Venera-8 
e x p e r i m e n t ,  i n d i c a t e  t h a t  
ammonia i s  p r e s e n t  i n  t h e  
Venusien atmosphere 11543. 

ammonia a b s o r p t i o n  depends 
on p r e s s u r e .  A t  low 
p r e s s u r e s ,  t h e  a b s o r p t i o n  
i s  of a r e s o n a n c e  
c h a r a c t e r  and i s  d e s c r i b e d  
by a quantum mechanica l  
formula  C881 i n  which t h e  
s u b s c r i p t  1 d e n o t e s  C02 
and t h e  s u b s c r i p t  2 d e n o t e s  

The c h a r a c t e r  of -- / I56  

"3: 

T h i s  formula  i s  o b t a i n e d  by t a k i n g  i n t o  account  t h e  shape o f  t h e  
l i n e  from the s o l u t i o n  o f  t h e  k i n e t i c  e q u a t i o n  and making d e f i n i t e  
assumpt ions  about  t h e  c h a r a c t e r  of m o l e c u l a r  i n t e r a c t i o n  i n  b i n a r y  
c o l l i s i o n s  [55]. H e r e  IJ ( T  ) i s  t h e  i n t e n s i t y  o f  ammonia 
i n v e r s i o n  a t  t e m p e r a t u r e  gC (icf.  Table 46 i n  C551); EJK i s  t h e  
energy  of t h e  r o t a t i o n a l  s ta tes  of  molecules  computed f rom t h e  
symmetrical t o p  formula  [155]; X J K  a re  t h e  r e s o n a n t  wavelength  
of ammonia (cm); J and K are  t h e  quantum numbers o f  symmetr ica l  
t o p ;  f 2  and fl are  t h e  r e l a t i v e  c o n t e n t  by volume o f  ammonia and 
carbon d i o x i d e ,  r e s p e c t i v e l y :  t h e  r a t i o  o f  the  c r o s s  s e c t i o n  of 



Fig. 62. Measured and calculated 
positions of the first zero of the 
interferometric function of the 
visibility o f  Venus vs. frequency 
near the resonance line of water 
vapor absorption for different 
relative water vapor contents. 
For purposes of comparison, this 
same graph shows the first zero 
of an uniformly bright disk of 
the Venusian diameter. 

Key: a. Frequency, Hz 

C 0 2  -- NH molecular collisions 
to the anilogous c r o s s  section 
of NH3 -- NH3 collisions is 
a12/aZ2 = 0.3; k is Boltzmann's 
constant; c is the speed of 
light. 

6 - 8 atm, absorption becomes 
nonresonant and is described 
by the semiempirical formula 
of Ben-Reuven [216] as 
corrected by the results of 
Morris and Parson's 
measurements C4321. 

At pressures greater than 

where 

(1v.26) 

h 

In order to estimate relative ammonia content f N H  f r o m  
3 assume r a d i o  astronomy and radar data, it is necessary t o  

a model f o r  f" distribution vs.  altitude. 

2 - 10 atm, where Venera-8 did direct measurements of ammonia 
content, and f o r  the entire atmosphere below that level, total 

3 
In the Venusian atmosphere f o r  regions of pressure P = 

1 11 6 
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p r e s s u r e  i s  less  t h a n  t h e  p r e s s u r e  of  s a t u r a t e d  ammonia vapor .  
T h e r e f o r e ,  ammonia can  e x i s t  i n  t h i s  r e g i o n  o n l y  as a g a s ;  
c o n s e q u e n t l y ,  t h e r e  a re  no phase  t r a n s i t i o n s .  I n  t h i s  c a s e  i t  
would b e  e x p e c t e d  t h a t  r e l a t i v e  ammonia c o n t e n t  v s .  a l t i t u d e  
w i l l  be c o n s t a n t .  

With t h e  c o  r e s p o n d i n g  lower  l i m i t  o f  t h e  Venera-8 measure- 
ments f" = 10-C and w i t h  a c o n s t a n t  r e l a t i v e  ammonia c o n t e n t  
vs.  a l t i t a d e ,  even  i n  the  absence  o f  water vapor  i n  t h e  
a tmosphere ,  c a l c u l a t i o n  leads  t o  an  o p t i c a l  t h i c k n e s s  o f  t h e  
Venusian a tmosphere  a t  wavelength X = 3.8 cm o f  'I = 3.93.  I n  
t h i s  c a s e  t h e  r a d a r  c r o s s  s e c t i o n  a t  t h i s  wavelength  would b e  

two orders  of  magnitude l e s s  t h a n  t h e  measured u3.8 = 10-2 
( c f .  Table  4). I n  a a d i t i o n ,  t h e  b r i g h t n e s s  t e m p e r a t u r e s  o f  
Venusian r a d i o  e m i s s i o n  would a l s o  t u r n  o u t  t o  b e  much lower t h a n  
what h a s  been measured, whi le  t h e  r e s u l t s  of  Kuzmin and C l a r k ' s  
p o l a r i z e d  r a d i o  astronomy measurements [83]  c o u l d  n o t  a g r e e  w i t h  
t h e  c a l c u l a t i o n  no matter what v a l u e s  of  s u r f a c e  p e r m i t t i v i t y  
a re  u s e d .  

I n  c o n n e c t i o n  w i t h  such d isagreement  between t h e  r e s u l t s  o f  
radar and r a d i o  astronomy measurements, [144] s o l v e d  t h e  i n v e r s e  
problem o f  d e t e r m i n i n g  t h e  upper  l i m i t  o f  p o s s i b l e  ammonia 
c o n t e n t  i n  t h e  Venusian atmosphere so  as t o  a g r e e  w i t h  t h e s e  
r e s u l t s .  F o r  a model w i t h  a c o n s t a n t  r e l a t i v e  ammonia c o n t e n t  
from t h e  s u r f a c e  t o  a l e v e l  where P = 2 atm and wi th  no  ammonia 
above t h i s  l e v e l ,  t h e  f o l l o w i n g  were o b t a i n e d :  

/158 

f o r  a r e l a t i v e  water vapor  c o n t e n t  f H 2 0  = 0 . 1 % .  
water vapor  c o n t e n t ,  t h e  upper  l i m i t  

c o n t e n t  i s  a t  a maximum n e a r  t h e  lower boundary o f  t h e  c loud  
l a y e r ,  where Venera-8 made measurements,  and d e c r e a s e s  as t h e  
s u r f a c e  i s  neared. I n  t h i s  r e g a r d ,  Smirnova [143] examined a 
model i n  which f" 
and i n  which i t  i s  e q u a l  t o  z e r o  above and below t h i s  l a y e r .  
However, even s u c h  a h i g h l y  a r t i f i c i a l  model i s  c o m p a t i b l e  w i t h  
t h e  r e s u l t s  of r a d i o  astronomy measurements -- s i n c e  t h e  
c a l c u l a t e d  s p e c t r u m  f o r  t h i s  model s h o u l d  have a "gap" n e a r  
wavelength 1 . 2 5  c m  up t o  T,, = 220°K, a tre;ap" which i s  a b s e n t  

i n  t he  measured b r i g h t n e s s  t e m p e r a t u r e s  of  t h e  r a d i o  e m i s s i o n  
o f  Venus ( c f .  T a b l e  5 ) .  

With a l a r g e  
o f  f"3 w i l l  be  even lower .  

I n  t h e  o p i n i o n  of Surkov e t  a1 [154] t h e  r e l a t i v e  ammonia 

= 10-4 o n l y  i n  t h e  l a y e r  where P = 2 - 10 atm 3 

4- 
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The upper  l e v e l  of r e l a t i v e  ammonia c o n t e n t  i n  t h e  Venus ian  
lower a tmosphere ,  (as  o b t a i n e d  from radar and r a d i o  astronomy 
m e  as  u r  ement s ) 

i . , , t3 - 1iY; 

“ ‘ - ~ L ~ ~ ~ ~  FACE TF 
a g r e e s  w i t h  t h e  uppe r  l i m i t  o f  r e l a t i v e  %I?%&’% W ~ S  molecu le  
i n  t h e  a tmosphere  above t h e  c l o u d s ,  a l i m i t  de t e rmined  from t h e  
s p e c t r a l  measurements o f  Kuiper  [ 6 9 ]  and Moroz C1131. 

Because water vapor  i s  p r e s e n t ,  
t h e  Venus ian  a tmosphere ,  there  c a n  be a n o t h e r  component t ha t  
a b s o r b s  UHF r a d i a t i o n :  water d r o p l e t s  i n  t h e  c loud  l a y e r .  A 
c a l c u l a t i o n  [25, 871 o f  t h e  e f f e c t  o f  a b s o r p t i o n  b y  w a t e r  d r o p l e t s  
i n  t h e  Venusian c l o u d  l a y e r  on spec t rum T, ( A )  showed t h a t  t h e  
I n t e g r a l  c o n t e n t  o f  water i n  a l i q u i d  phas% i s :  

. . 

\ Y  , ! ’  \ :  ~1,05/2;.; r , j ! \ l ; ( . l ; L  o.’,g*cm-2 
I 

T h i s  does n o t  c o n t r a d i c t  t h e  c a l c u l a t i o n  o f  t o t a l  water c o n t e n t  /159 
o f  t he  c l o u d s  for fH20 = 0 . 5 % .  

With a c l o u d  l a y e r  of  t h i c k n e s s  7 - 8 krn, t h i s  t o t a l  c o n t e n t  
c o r r e s p o n d s  t? a n  upper  l i m i t  o f  mean water c o n t e n t  o f  t h e  c l o u d s  
No < 0 . 4  gem’  ( c f .  ( I V . 3 1 ) ) .  T h i s  estimate,  which agrees w i t h  
t h e - c a l c u l a t e d  estimate o f  Obukhov and  G o l i t s y n  [l23], shows 
t h a t  t h e r e  are no s t r o n g  water c l o u d s  on Venus and that t h e  c l o u d  
l a y e r  h a s  no s u b s t a n t i a l  e f f e c t  on radar and r a d i o  astronomy 
measurements of t h e  p l a n e t .  

I V . 6 .  T h e  S t r u c t u r e  of  t h e  .Venusian Troposphere and S t r a t o s p h e r e  

The data from measurements u s i n g  s p a c e c r a f t ,  complemented 
by  t h e  r e s u l t s  o f  ground-based o p t i c a l ,  r a d i o  as t ronomy,  and 
radar  measurements,  h a s  a l lowed  u s  t o  form some d e f i n i t e  con- 
c e p t i o n s  abou t  t h e  s t r u c t u r e  o f  t h e  Venusian t r o p o s p h e r e  and 
s t r a t o s p h e r e .  Here w e  w i l l  summarize t h e  r e s u l t s  o f  a n a l y z i n g  
t h e  e x p e r i m e n t a l  da ta  c o n t a i n e d  i n  t h e  p r e v i o u s  p a r a g r a p h s  
o f  t h i s  c h a p t e r .  

L e t  us  t u r n  f i r s t  o f  a l l  t o  t h e  chemica l  composi t ion  o f  
t h e  a tmosphere .  T a b l e  11 g i v e s  a s y n o p s i s  o f  t h e  r e s u l t s  o f  
measurements made up t o  t h e  p r e s e n t .  The c o n t e n t s  of t h o s e  
components measured by t h e  Venera s t a t i o n s  co r re spond  t o  T a b l e  9 .  
The data from numerous s p e c t r o s c o p i c  d e t e r m i n a t i o n s  o f  t h e  
c o n t e n t  o f  v a r i o u s  components a re  t a b u l a t e d ;  t h e y  a r e  based 
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p r i m a r i l y  on measurements in t h e  n e a r - i n f r a r e d  r e g i o n  o f  t he  
spec t rum u s i n g  s i m p l e  r e f l e c t i o n  models l3 .  

Carbon d i o x i d e  i s  t h e  b a s i c  component o f  the  atmosphere.  The 
p r e s e n c e  o f  H20, C O Y  HC1 and HF has been i d e n t i f i e d  w i t h  c e r t a i n t y ,  
and t h e r e  a r e  i n d i c a t i o n s  t h a t  IGH i s  a l s o  p r e s e n t .  Threshold  
v a l u e s  a re  g i v e n  f o r  o t h e r  p o s s i b  2 e components. 
s c o p i c  d e t e r m i n a t i o n s  t h e  r e s u l t s  of  B e l t o n  e t  a1 C2151 come 
c l o s e s t  t o  what t h e  Venera-4 measurements e n a b l e d  u s  t o  
conclude:  t h a t  t h e  Venusian atmosphere c o n s i s t s  p r i m a r i l y  o f  
carbon d i o x i d e .  . B e l t o n  e t .  al '  o b t a i n e d  these  r e s u l t s  by  
a n a l y z i n g  a b s o r p t i o n  i n  t h e  s t r o n g  l i n e s  o f  t h e  band X = 1 . 0 3 8  pm 
w h i l e  u s i n g  a model of  s p e c t r a l  l i n e  f o r m a t i o n  t h a t  t o o k  i n t o  
a c c o u n t  s c a t t e r i n g  among t h e  c l o u d s .  A s  f o r  n i t r o g e n  (and a 
p o s s i b l e  admixture  o f  i n e r t  g a s e s ) ,  i t  i s  . p o s s i b l e  t o  s a y  o n l y  
t h a t  n i t r o g e n  c o n t e n t  does n o t  exceed 2%, which c o r r e s p o n d s  t o  
a p a r t i a l  p r e s s u r e  o f  about  2 atm. Even i n  i t s e l f ,  t h e  f a c t  
t h a t  n i t r o g e n  e x i s t s  i n  such  q u a n t i t i e s  i n  t h e  Venusian atmosphere 
( a l m o s t  t w i c e  as much as n i t r o g e n  c o n t e n t  i n  t h e  E a r t h ' s  
a tmosphere)  would be of  e x c e p t i o n a l  impor tance  f o r  an  under- 
s t a n d i n g  o f  t h e  p l a n e t ' s  n a t u r e  and t h e  c o n d i t i o n s  i n  which i t s  
atmosphere has formed. 

Among s p e c t r o -  1161 

S p e c t r o s c o p y  and r a d i o  astronomy g i v e  water vapor ,  oxygen, 
and ammonia c o n t e n t s  t h a t  a re  lower t h a n  t h o s e  o b t a i n e d  
d i r e c t l y  by t h e  Venera s p a c e c r a f t .  

A s  f o r  water v a p o r ,  i t  i s  n e c e s s a r y  t o  keep i n  mind t h e  /162 
v a r i o u s  l e v e l s  i n  t h e  atmosphere t o  which d i r e c t ,  s p e c t r o s c o p i c  
and r a d i o  astronomy d e t e r m i n a t i o n s  re fe r ;  t h i s  i s  because  o f  t he  
s t r o n g  dependence o f  t h e  H20 mixing r a t i o  on t e m p e r a t u r e .  Above 
a l l ,  one s h o u l d  take i n t o  account  t h e  p o s s i b i l i t y  o f  c o n d e n s a t i o n  
above t h e  l e v e l  where gas a n a l y z e r s  n e a s u r e d  H20 c o n t e n t ,  as w e l l  
as  t h e  p o s s i b i l i t y  o f  s o l u t i o n s  of v a r i o u s  compounds forming.  
T h i s  s h o u l d ,  a c c o r d i n g l y ,  lead t o  lower c o n c e n t r a t i o n s  of water 
vapor  above t h e  s a t u r a t i o n  l e v e l  a t  lower t e m p e r a t u r e s .  The 
v a l u e  7 -10-5  ( g i v e n  i n  T a b l e  11) which c o r r e s p o n d s  t o  t h e  
s p e c t r o g r a m  i n  F i g .  2 2 ,  r e f e r s  t o  t h e  atmosphere n e a r  t h e  
v i s i b l e  boundary of t h e  c l o u d s .  It s h o u l d  a l s o  be n o t e d  t h a t  t h e  
s p e c t r o s c o p i c  estimates o f  H20 c o n t e n t  g i v e n  by v a r i o u s  a u t h o r s  
d i f f e r  s u b s t a n t i a l l y  from e a c h  o t h e r ,  depending  on what s p e c t r a l  
r e g i o n  and what band f o r m a t i o n  models a r e  used:  from l e s s  t h a n  

13According t o  Gray  l-3271, assuming t h a t  t h e  Venusian c l o u d s  a c t  
as a s i m p l e  r e f l e c t i n g  layer  can l e a d  t o  a p p r e c i a b l e  e r r o r  i n  
d e t e r m i n i n g  t h e  c o n t e n t  o f  a t m o s p h e r i c  components; 
assumpt ion  u n d e r e s t i m a t e s  t h e  s i z e  o f  t h e  a i r  mass (up  t o  t h r e e  
t imes) .  
r e c e n t l y  been done f o r  v a r i o u s  C02 bands by L. Young C5511; h i s  
a n a l y s i s  i n d i c a t e s  tha t  t h e  most a c c e p t a b l e  mode l  for Venus i s  t h e  
s c a t t e r i n g  model proposed by Chamberlain and Kuiper  [236] 
( c f .  S e c t i o n  V. 3 ) .  

such  an  

A de t a i l ed  a n a l y s i s  of  nuerous  Venusian s p e c t r a  has 



2 PIE of precipitated water at A = 1.4 pm and A = 2.0 pm to 
more than 16 pni in the band A = 0.82 pm [442]. These variations 
(which correspond to relative concentrations from 10-6 to 10-5 
if adjusted to a level with P = 0.2 atm) are possibly connected, 
at least partially, to a modification of the growth curve in a 
scatterin atmosphere or with varying opacity in these spectral 
regions. 
bands (A = 1.75 pm; X = 7820 and 8689 8 )  point toward the 
second assumption, namely, that opacity in fact depends on 
wavelength. These variations in H20 content can also be related 
to recently discovered [551] substantial variations in the level 
of CO band formation. In order to interpret more reliably the 
resulzs of spectroscopic determinaticns of water vapor content 
it is necessary to observe several CO bands of nearly equal 

measuring absorption in H20 bands. 

SectionIV.5)yields an upper limit for H20 content in the lower 
atmosphere, It provides evidence that relative H 2 O  content in 
the atmosphere below the level where direct measurements were 
made should be significantly less. Table 11 gives the 
corresponding estimates. 

The results of studying absorption in nearby CO2 

intensity in the interval X = 0.78 - 3 . 5  pm while simultaneously 

/I63 
An analysis of the results of radio astronomy measurements (cf. 

In connection with his examination of the probable source of 
N 2  in the atmosphere, Vinogradov indicated that ammonia may be 
present in the atmosphere and that ammonium salts may be present 
in the clouds of Venus. If the source of ammonia on Venus is, 
as on Earth, ammonium chloride of volcanic origin, then it 
should sublimate at a temperature of about 625OK. The large 
quantity of carbon dioxide could result in the formation of 
ammonium carbonate (NH4)2C03,which decomposes at a temperature 
higher than 33OoK and forms ammonia which is slightly oxidized 
to form N2 if free oxygen is present in the atmosphere. As 
temperature decreases below 330°K, the precipitation of ammonium 
salts can occur. An analysis of the dependence of the change of 
the equilibrium concentration of saturating NH3 vapors in the 
triple diagram C 0 2  - NH3 - H20 gives rise to notions that the 
relative content f" 
spectroscopic estimaze, can in this case be reached at an atmospheric 
level where temperature is - < 230'K and pressure - < 0.1 kg/cm2 

< 3. 10-8, which corresponds to the 

C153al. 

Thus by taking phase and chemical transformations into 
account, it is possible in principle to explain the variation in 
the results of direct and spectroscopic measurements -- on the 
l4 Fink et a1 recently reanalyzed the results of Fourier spectro- 
meter measurements from a high altitude airplane CV 990 [ 3 0 3 ] ;  
these results give rise to estimates of relative water vapor 
content of 0.6~10-~ for a simple reflection model and 1.9.10-6 
for a scattering model (cf. Table 11). 
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TABLE 11. CHEMICAL CONTENT OF THE VENUSIAN ATMOSPHERE /160 
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c o n d i t i o n  tha t  t he  t e m p e r a t u r e  a t  t h e  l e v e l  where t h e  c o r r e s p o n d i n g  
bands form i s  n o t  g r e a t l y  d i f f e r e n t  from t h e  phase  e q u i l i b r i u m  
t e m p e r a t u r e  f o r  t he  g i v e n  component. However, because  o f  t h e  l a r g e  
d i f f e r e n c e  between t h e   ene era-8 measurements and radar and 
r a d i o  astronomy e s t i m a t e s ,  t h e  q u e s t i o n  o f  ammonia c o n t e n t  i n  
t h e  lower atmosphere o f  Venus r e q u i r e s  f u r t h e r  r e s e a r c h .  

The s p e c t r o s c o p i c  l i m i t  of  02 i s  i n  agreement w i t h  t h e  
t h r e s h o l d  estirtiate made from Venera-6 measurements,  which d i d  n o t  
r e v e a l  t h e  p r e s e n c e  o f  oxygen i n  r e l a t i v e  c o n c e n t r a t i o n s  l a r g e r  
t h a n  o r  e q u a l  t o  10-3. It i s  e v i d e n t  t h a t  t h e  s p e c t r o s c o p i c  l i m i t  /164 
i s  more a c c u r a t e  and t h a t  t h e  r e l a t i v e  0 c o n t e n t  i n  t h e  Venusian 
a tmosphere  d o e s  n o t  exceed (2 - 8 )  - 10-5, 
on whether  a b s o r p t i o n  o c c u r s  i n  t h e  c l o u d s  o r  above them 
[ 2 l 3 ,  2141. P r o k o f ' y e v  and P e t r o v a  [132 - 1341 d i s c o v e r e d  t h e  
p r e s e n c e  of weak Doppler e f f e c t s  i n  t h e  wings of  t h e  l i n e s  of 
t h e  t e l l u r i c  band o f  oxygen A ( A  76608)  and i n t e r p r e t e d  them a s  
b e l o n g i n g  t o  t h e  spec t rum of Venus. L a t e r  measurements, however, 
d i d  n o t  c o n f i r m  t h i s  r e s u l t .  

'$he d i s t r i b u t i o n  depends 

It i s  worthy o f  n o t e  that  CO and e s p e c i a l l y  HC1 and HF, 
which were d i s c o v e r e d  by  h igh  r e s o l u t i o n  F o u r i e r  s p e c t r o m e t r y ,  
a r e  p r e s e n t  i n  t h e  Venusian atmosphere.  T h e  r e l a t i v e  c o n t e n t s  of 
t hese  components shown i n  Table  11 i n c l u d e  c o r r e c t i o n s  b e c a u s e  o f  
t h e  p e c u l i a r i t i e s  of  a b s o r p t i o n  band f o r m a t i o n  i n  a h e t e r o g e n e o u s  
c loudy atmosphere as i n  a c c o r d  w i t h  B e l t o n ' s  [212] t h e o r y  of  growth 
c u r v e s .  The measurements r e f e r  t o  t h e  c l o u d  l a y e r  ( a  l e v e l  w i t h  
a n  e f f e c t i v e  p r e s s u r e  P = 35 - 1 0 0  m b a r ) .  I n  this c a s e ,  
t h e r e f o r e ,  i t  i s  n a t u r a f f f o  ask t o  what e x t e n t  t hese  e s t i m a t e s  h o l d  
t r u e  f o r  the  atmosphere t h a t  l i e s  below, i . e . ,  are  these  components 
d i s t r i b u t e d  u n i f o r m l y  v s .  a l t i t u d e ?  

L. Young [551] h a s  made a c a r e f u l  a n a l y s i s  of t h e  Venusian 
s p e c t r a  o b t a i n e d  by Kuiper  e t  a1 and by  o t h e r s  later; h i s  
c o n c l u s i o n  i s  t h a t  C O  i s  a p p a r e n t l y  mixed uni formly  i n  t h e  
atmosphere a t  a mixing r a t i o  o f  ( 5 . 1  + 0.1)-10-5. A s  f o r  I I C l  and 
HF, i t  i s  most l i k e l y  t h a t  t h e y  are unevenly mixed i n  t h e  
a tmosphere ,  s i n c e  t h e  e f f e c t i v e  p r e s s u r e  of f o r m a t i o n  o f  t h e  
c o r r e s p o n d i n g  s p e c t r a l  l i n e s  e v i d e n t l y  r e f e r s  t o  d e e p e r  l e v e l s  i n  
t h e  Venusian atmosphere.  ( s l i g h t l y  d e e p e r  f o r  H C 1  t h a n  f o r  HF) 
t h a n  t h e  l e v e l  o f  l i n e  f o r m a t i o n  i n  C02 r e f e r e n c e  bands.  The r e f i n e d  
estimates of  r e l a t i v e  HC1 and HF c o n t e n t  r e s u l t i n g  from t h i s  
a n a l y s i s  a r e  e q u a l  t o  ( 4 . 2  + 0.7)*10-7 and 10-8. 
q u a n t i t y  o f  CO i n  t h e  Venusyan atmosphere above t h e  c l o u d s  ( a b o u t  
1 3  atm-cm) i s  about  50 - 1 0 0  times h i g h e r  t h a n  mean CO c o n t e n t  i n  
t h e  E a r t h ' s  a tmosphere .  The q u a n t i t y  of hydrogen c h l o r i d e  and 
hydrogen f l u o r i d e  i s  n o t  l a r g e ;  however, t h e  f a c t  t h a t  t h e y  e x i s t  
i n  such  a n  o x i d i z i n g  medium as t h e  Venusian atmosphere i s  of v e r y  
g r e a t  i n t e r e s t  (on  E a r t h ,  C1 and F are  b a s i c a l l y  dlssolved i n  t h e  
oceans [28, 4761) .  

A s  we see,  t h e  

1 2 2  
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Estimates o f  p o s s i b l e  c o n t e n t  of carbon suboxide  C 0 2 ,  
ozone 0 
compoun 2’ s S O 2 ,  COS,  HzS, i o ,  N O 2  and s e v e r a l  o t h e r s  are g i v e n  i n  
Table  11, and t h e y  cor respond t o  upper  s p e c t r o s c o p i c  l i m i t s  o f  
d i s c o v e r y .  I n  a d d i t i o n  t o  da t a  from ground-based s p e c t r o m e t r y ,  
i t  a l s o  i n d i c a t e s  threshold c o n t e n t s  o f  a s e r i e s  of small a d m i x t u r e s  
i n  t h e  a tmosphere ;  these c o n t e n t s  were o b t a i n e d  by measurements 
u s i n g  a s c a n n i n g  u l t r a v i o l e t  s p e c t r o m e t e r  mounted i n  a n  o r b i t i n g  
a s t r o n o m i c a l  o b s e r v a t o r y  ( O A O  - A2). Measurements made i n  t h e  
s p e c t r a l  e g i o n  between 2000 and 3600 1 and w i t h  a r e s o l u t i o n  of 
a b o u t  25 f y i e l d e d  e s t i m a t e s  o f  t h e  gaseous conpor.ents 
Venusian,  M a r t i a n ,  J o v i a n  snd S a t u r n i a n  a tmosphere ,  estimates made 
on t h e  basis o f  t h e  c h a r a c t e r i s t i c  a b s o r p t i o n  l i n e s  r e l a t e d  t o  
e l e c t r o n  t r a n s i t i o n s  i n  molecules  [ 4 4 4 ] .  Because t h e  r o l e  of 
R a y l e i g h  s c a t t e r i n g  i n  t h e  u l t r a v i o l e t  r e g i o n  of  t h e  spec t rum 
i n c r e a s e s ,  t h i s  method a l l o w s  one t o  estimate t h e  c o n t e n t  of  
v a r i o u s  a t m o s p h e r i c  components on ly  i n  t h e  o u t e r  r e g i o n s  of t h e  
p l a n e t a r y  a tmospheres .  F o r  Venus, t h e  estimates o b t a i n e d  i n  t h i s  
manner r e f e r  t o  a l e v e l  where t h e  r e p o r t e d  t h i c k n e s s  of a carbon 
d i o x i d e  atmosphere i s  about  1 atm-km, i . e . ,  n e a r  t h e  v i s i b l e  
boundary of t h e  c l o u d s .  

hydrocarbons Ci l  , C 2 H 2 ,  C 2 H 4 ,  s u l f u r o u s  and n i  i? r o u s  

i n  t h e  

By s t a r t i n g  w i t h  c o n c e p t i o n s  about  t h e  chemica l  e q u i l i b r i u m  
between t h e  atmosphere and l i t h o s p h e r e  o f  t h e  p l a n e t ,  and by  
s t a r t i n g  as well w i t h  p r o b a b l e  e q u i l i b r i u m  c o n c e n t r a t i o n s  among 
t h e  gases t h a t  make up t h e  atmosphere,  i t  i s  a l s o  p o s s i b l e  t o  
o b t a i n  t h e o r e t i c a l  e s t i m a t e s  of t h e  c o n t e n t  o f  i n d i v i d u a l  
a t m o s p h e r i c  components. The geochemical  upper  l i m i t s  f o r  a model 
a tmosphere  with a s u r f a c e  t e m p e r a t u r e  of 7 4 8 O K  and s u r f a c e  C 0 2  
p r e s s u r e  of  1 2 0  atm have been c a l c u l a t e d  by L e w i s  [4013 f o r  a 
d i v e r s e  se t  of  r e a c t i o n s .  These l i m i t s  are g i v e n  i n  T a b l e  1 2  
i n  t h e  form o f  r e l a t i v e  c o n c e n t r a t i o n s  and a re  t o  a s i g n i f i c a n t  
d e g r e e  o n l y  i l l u s t r a t i v e ,  inasmuch as t h e y  are based on a se r ies  
o f  major  a s s u m p t i o n s .  Thus ,  by ana logy  w i t h  E a r t h ,  a l a r g e  silicate 
c o n c e n t r a t i o n  of t h e  s u r f a c e  r o c k s  of Venus -- i n  t h e  p rocess  o f  t h e  
d i f f e r e n t i a t i o n  and f o r m a t i o n  o f  t h e  p l a n e t a r y  c r u s t  -- i s  
assumed, a concentration tha t  is quite d i s t i n c t  from t h e  r e l a t i v e  
abundance o f  t h e  e l e m e n t s  t h r o u g h o u t  t h e  u n i v e r s e .  T h e r e f o r e ,  
q u a r t z  p l a y s  a n  i m p o r t a n t  role i n  t h e  r e a c t i o n s  examined. Never- 
t h e l e s s ,  t h e  data i n  Table  1 2  are  o f  d e f i n i t e  i n t e r e s t  and a re  
notewor thy ,  f o r  example,  because t h e  computed l i m i t i n g  c o n t e n t  of  /166 
such  components as C O Y  H 2 0 ,  H C 1 ,  and HF i s  i n  good agreement w i t h  
e x p e r i m e n t a l  data.  

The r e s u l t s  of t e m p e r a t u r e  and p r e s s u r e  measurements on 
Venera-4 - -8 s t a t i o n s  a re  c h a r a c t e r i s t i c  o f  t h e  b a s i c  fea tures  
o f  t h e  s t r u c t u r e  o f  t h e  p l a n e t a r y  t r o p o s p h e r e .  An examinat ion  o f  
Figs .  42 and 43 shows t h a t  t h e  f u n c t i o n s  T ( h )  and P ( h )  on t h e  
n i g h t  and day s i d e s  n e a r  t h e  morning t e r m i n a t o r  n e a r l y  co inc ide .  
Nor, i n  e s s e n c e ,  do the  v a l u e s  T, and Ps o b t a i n e d  a t  t h e  Venera 
l a n d i n g  s i t e s  d i f f e r .  Comparative r a d i o  astronomy measurements of  
t h e  b r i g h t n e s s  t e m p e r a t u r e  o f  t h e  day and n i g h t  hemispheres  of  



TABLE 1 2 .  GEOCHEMICAL UPPER LIMITS OF THE RELATIVE CONTENT OF 
VARIOUS COMPONENTS I N  THE VENUSIAN ATMOSPHERE ( A C C O R D I N G  TO [401]). 

Venus also p o i n t  t o  t h e  absence of  d i u r n a l  t e m p e r a t u r e  variations 
i n  t h e  a tmosphere  n e a r  the  p l a n e t a r y  s u r f a c e .  F i g .  63.  shows t h e  
t e m p e r a t u r e  and p r e s s u r e  a l t i t u d e  p r o f i l e s  ( c o n s t r u c t e d  from a n  
a g g r e g a t e  o f  a l l  measurements from t h e  s u r f a c e  t o  a l t i t u d e s  of 
55 km. It a l s o  g i v e s  Mariner-5 data,  d a t a  t h a t  have been matched 
t o  t h e  Venera measurements  a t  a p o i n t  where p r e s s u r e  P =: 4 . 4  kg/cm2. 

A s  w e  see,  the  r a n g e  o f  a l t i t u d e s  covered  by t h e  measurements 
of  s p a c e c r a f t  goes  up t o  abou t  90 km above t h e  p l a n e t a r y  s u r f a c e .  
The r e g i o n  i n  which t h e  Venera and Mariner-5 measurements ove l a p  

i n  p r e s s u r e ) .  A comparison o f  t h e  c u r v e s  shown i n  F i g .  57 and 58 
i n d i c a t e  t h a t  t h e r e  a re  also no appreciable differences between 
t h e  n i g h t  and d a y  t e m p e r a t u r e  p r o f i l e s  a c c o r d i n g  t o  Mariner-5.  
T h e r e f o r e ,  t h e  p r o f i l e s  T ( h )  and P ( h )  i n  t h e  t r o p o s p h e r e  and 
s t r a t o s p h e r e  -- shown i n  F i g .  63  -- cor re spond  t o  a v e r a g e  d a i l y  
c o n d i t i o n s .  It i s  p o s s i b l e  t o  r e c o n c i l e  these p r o f i l e s  w i t h  t h e  
estimates of  s t r a t o s p h e r i c  p a r a m e t e r s  made from measurements o f  
g - f o r c e s  b e f o r e  p a r a c h u t e  deployment of Venera-8 C5661. 

1 1 6 7  
i s  a b o u t  20 km ( 2 9 0  - 470 O K  i n  t e m p e r a t u r e  and 0 . 6  - 7 kg/crn -5 

S i n c e  t h e  Mariner-5 r e s u l t s  are n o t  t i e d  d i r e c t l y  t o  a l t i t u d e  /I68 
I above t h e  s u r f a c e  b u t  r e f e r  t o  t h e  d i s t a n c e  from t h e  p l a n e t ' s  

g r a v i t a t i o n a l  c e n t e r ,  a comparison o f  Venera and Mariner-5 d a t a  
i n  terms o f  a tmosphe r i c  p a r a m e t e r s  ( c f .  F i g .  63 )  a l l o w s  one t o  
o b t a i n  a v a l u e  of p l a n e t o c e n t r i c  d i s t a n c e  r tha t  c o r r e s p o n d s  t o  the  

T h i s  v a l u e  i s  e q u a l  t o  r = 6051.7 km ( f o r  a t e m p e r a t u r e  Ts = 7 4 5 O K ) .  
These v a l u e s  a r e  i n  good agreement  w i t h  t h e  r e s u l t s  o f  computing 

R? = 6050 the  mean r a d i u s  o f  Venus from radar measurements,  
( c f .  S e c t i o n  1 1 . 4 ) .  

, l e v e l  o f  t h e  s u r f a c e  where t h e  Venera-7 and Venera-8 l anded .  

I 12 4 
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Fig. 63.  A l t i t u d e  p r o f i l e s  of  t h e  
a t m o s p h e r i c  t e m p e r a t u r e  and 
p r e s s u r e  o f  Venus a c c o r d i n g  t o  a l l  
Venera measurements ( t h e  t h i c k  
s o l i d  1 i n e s ) a n d  a c c o r d i n g  t o  Mariner-5 
measurements (dashed  l i n e ) .  The d o t t e d -  
dashed l i n e  and t h e  d o t t e d  l i n e  are  
t h e  model p r o f i l e s  T ( h )  as i n  [ 9 9 ]  and 
C4211 r e s p e c t i v e l y .  

An examinat ion  o f  
t h e  a l t i t u d e  p r o f i l e  
T ( h )  and an  a n a l y s i s  
of  t h e  gas s t a t e  show 
t h a t  t h e  t e m p e r a t u r e  
g r a d i e n t  a t  a l t i t u d e s  
below = 55 km does  n o t  
d i f f e r  by  and l a r g e  from 
a d r y  a d i a b a t i c  f o r  t h e  
CO a tmosphere.  A s h a r p  
r e g u c t i o n  of t h e  tem- 
p e r a t u r e  f a l l  (up  t o  
a b o u t  4 deg/km) i s  
observed  above 60 km. 
I n  a d d i t i o n ,  small 
i n d i v i d u a l  f l u c t u a t i o n s  
o c c u r  i n  t h e  65 - 70 km 
r e g i o n .  F i n a l l y ,  a r a the r  
complex i r r e g u l a r  
s t r u c t u r e  w i t h  i n v e r s i o n  
l a y e r s  o c c u r s  between 7 5  
and 90  km. F j e l d b o  and 
Eshleman C3051 a l s o  n o t e  
t h e  p r e s e n c e  of d e f i n i t e  
v a r i a t i o n s  i n  t e m p e r a t u r e  
dependence on a l t i t u d e  
below 60 km: a c e r t a i n  
r e d u c t i o n  of dT/dh i n  t h e  
45 - 50 km r e g i o n  and,  
on t h e  o t h e r  hand, a 
c e r t a i n  tendency  toward 
a s u p e r  a d i a b a t i c  c l o s e  
t o  a l e v e l  o f  35 km. It 
i s  difficult t o  prove o r  
d i s p r o v e  from d i r e c t  

Key: a .  Regulus  o c c u l t a t i o n  l e v e l  
b. kg/cm2 

measurement da ta ,  whe the r  
c u r v e  T ( h )  a c t u a l l y  behaves t h i s  way,inasmuch a s  t h e  possible errors  
o f  i n d i v i d u a l  measurements are  g e n e r a l l y  commensurable w i t h  t h e  
v a l u e  of  t h e  assumed f e a t u r e .  The a l t i t u d e  r e g i o n  n e a r  35 km i s  
l o c a t e d  n e a r  t h e  l e v e l  of  c r i t i c a l  r e f r a c t i o n ,  and r a d i o  measurements 
here  can  b e  s u b j e c t  t o  t h e  g r e a t e s t  e r r o r s .  V a r i a t i o n s  of T ( h )  i n  
t h e  60 - 7 0  k m  r e g i o n  can be  a t t r i b u t e d  t o  t h e  e x i s t e n c e  o f  c l o u d s .  
A s  f o r  t h e  s t r u c t u r a l  i r r e g u l a r i t y  between 75  and 90  km, i t  i s  
most p r o b a b l y  connec ted  w i t h  t h e  c h o i c e  of  boundary c o n d i t i o n s  i n  
i n t e g r a t i n g  t h e  e x p e r i m e n t a l  curve  N(h) downwards. 

A more d e t a i l e d  p r o f i l e  o f  a t m o s p h e r i c  t e m p e r a t u r e  above 4 0  km 
has been o b t a i n e d  from Mariner-10 measurements C5771. A r e d u c t i o n  
i n  t h e  t e m p e r a t u r e  g r a d i e n t  above 54 km from y = 9 deg/km, which /169 
c o r r e s p o n d s  t o  a d r y  a d i a b a t i c  f o r  C 0 2  t o  a v a l u e  of ,- 3 - 4 deg/krr,, 
has been r e v e a l e d  w i t h  some c e r t a i n t y ,  as w e l l  as t e m p e r a t u r e  
i n v e r s i o n s  a t  a l t i t u d e s  56 ,  58,  61 ,  and 63  km (with R? = 6052 km). 



No i r r e g u l a r i t i e s  were n o t e d  above 63 km; t h i s  a l l o w s  t h e  assumpt ion  
t h a t  t h e  r ' - , i o n s  o f  t h e  convec t ive-mixing  atmosphere e x t e n d  below 
t h i s  l e v e l .  Below 55 km, t h e  r e s u l t s  of  Mariner-10, l i k e  t h o s e  of  
Mar iner -5 ,a re  i n  good agreement  w i t h  t h e  data  from t h e  Venera 
d i r e c t  measurements.  No a p p r e c i a b l e  d i f f e r e n c e s  i n  t h e  a l t i t u d e  
p r o f i l e s  f o r  t e m p e r a t u r e  and p r e s s u r e  on t h e  d a y  and n i g h t  s i d e  
have been n o t e d .  

The c h a r a c t e r i s t i c  v a r i a t i o n  i n  dT/dh below 6 0  km can  b e  
e x p l a i n e d  by b e g i n n i n g  w i t h  t h e  n o t i o n  t h a t  t h e r e  a r e  d e f i n i t e  
a d m i x t u r e s  and a s s o c i a t e d  p h a s e  t r a n s i t i o n s  ( o f  c l o u d  s t r u c t u r e )  
i n  t h e  Venusian a t m o s p h e r e ,  An a n a l y s i s  o f  t h e  a t t e n u a t i o n  o f  
r a d i o  e m i s s i o n  i n  t h e  Mariner-5 experiment  p o i n t s  t o  t h e  same 
p o s s i b i l i t y  ( c f .  F i g .  5 9 ) .  The magnitude and c h a r a c t e r  o f  t h i s  
a t t e n u a t i o n  a r e  e s s e n t i a l l y  s imilar  on t h e  day and n i g h t  s ides  and 
t u r n  o u t  t o  be s u b s t a n t i a l l y  d i f f e r e n t  from what should  have 
been o b s e r v e d  i n  p u r e  C O  o r  i n  a C O  

Venera s t a t i o n s  and t o  t h e  measured a tmospher ic  t e m p e r a t u r e s  and 
p r e s s u r e s  a t  t h e s e  l e v e l s .  The p r o b a b l e  cause  for t h i s  anomalous 
a b s o r p t i o n  i s  t h e  c l o u d  l a y e r  of  Venus. It i s  a l s o  p o s s i b l e  t o  assume 
t h a t  a d d i t i o n a l  a b s o r p t i o n  i s  r e l a t e d  t o  t h e  p r e s e n c e  of  l o c a l i z e d  
( a t  s p e c i f i c  l e v e l s )  a d m i x t u r e s  i n  t h e  Venusian atmosphere.  

- H20 m i x t u r e  a t  p a r t i a l  
p r e s s u r e s  c o r r e s p o n d i n g  $0  t h e  r e s u l  z s o f  gas  a n a l y s i s  or. t h e  

A t  a s u r f a c e  t e m p e r a t u r e  of  Venus of TS = 750°K, v a r i o u s  
v o l a t i l e  components and compounds c o u l d  p a s s  i n t o  t h e  a tmosphere  
and e x i s t  a t  v a r i o u s  l e v e l s  t h e r e i n  i n  t h e  form of  v a p o r s  and 
c o n d e n s a t e s .  L e w i s  [400]  has d i s c u s s e d  i n  d e t a i l  t h e  p o s s i b l e  
e q u i l i b r i u m  geochemica l  r e a c t i o n s  f o r  a n  a t m o s p h e r e - l i t h o s p h e r e  
system; and i n  p a r t i c u l a r ,  he has examined t h e  c o n d i t i o n s  for t h e  
f o r m a t i o n  i n  t h e  atmosphere o f  mercury-halogen c l o u d s ,  which condense 
a t  t e m p e r a t u r e s  from 250'K (Hg2C12) t o  450°K (Hg212). Rasool  
C4671 s t a r t i n g  w i t h  t h e  p r o p o s i t i o n  t h a t  such c l o u d s  i n d e e d  e x i s t  
made a n  e f f o r t  t o  f i n d  e x p e r i m e n t a l  c o n f i r m a t i o n  f o r  t h i s  p r o p o s i t i o n ;  
t o  d o  this, he a n a l y z e d  t h e  a l t i t u d e  dependence o f  r a d i o  wave /17 0 
a t t e n u a t i o n  measured by Mariner-5.  The d o t s  i n  F i g .  6 4  show t h e  
l o s s  p r o f i l e  a s c a l c u l a t e d  on t h i s  assumpt ion .  A r a t h e r  s u c c e s s f u l  
cor respondence  between t h i s  i n t e r p r e t a t i o n  and t h e  f e a t u r e s  of  t h e  
measured c u r v e ,  e s p e c i a l l y  a t  a l t i t u d e s  40 - 48 km, s h o u l d  be n o t e d .  

G o l i t s y n  and Gurvich [575]  have examined a n o t h e r  p r o b a b l e  
cause  f o r  t h e  s c i n t i l l a t i o n s  n o t e d  i n  t h e  r a d i o  s i g n a l ,  namely t h e  
p o s s i b l e  p r e s e n c e  of  t u r b u l e n t  i r r e g u l a r i t i e s  w i t h  a c h a r a c t e r i s t i c  
s i z e  o f  t h e  o r d e r  of magni tude of 
d i s t a n c e  from t h e  t r a n s m i t t e r  t o  t h e  r e f e r e n c e  p o i n t  f o r  a g i v e n  
l a y e r  i n  t h e  atmosphere (c f .F ie ; .  5 6 )  and A i s  t h e  wavelength .  
F i n a l l y ,  d u s t ,  whose s t r a t i f i c a t i o n  i n  t h e  Ea r th ' s  a tmosphere i s  w e l l  
known, can make a d e f i n i t e  c o n t r i b u t i o n  t o  t h e  amount o f  l o s s e s ,  

= 1 . 2 5  km, where Lo i s  t h e  

It i s  i n t e r e s t i n g  t o  n o t e  t h a t  n e a r  48 - 50 km d e n s i m e t e r  
measurements have r e c o r d e d  a seeming i n c r e a s e  i n  d e n s i t y .  The 
r a t h e r  c u r o i u s  c o i n c i d e n c e  between t h i s  unexpla ined  e f f e c t  and /171 
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the  i n c r e a s e  i n  radio-wave a t t e n u a t i o n  i s  q u i t e  p o s s i b l y  n o t  
a c c i d e n t a l :  as has a l r e a d y  been n o t e d ,  t h e  p r e s e n c e  o f  s o l i d  o r  
l i q u i d  a d m i x t u r e s  c a n  i n f l u e n c e  t h e  r e a d i n g s  o f  d e n s i m e t e r s .  T h i s  
i s  due s imply  t o  t h e  p r i n c i p l e s  of t h e i r  o p e r a t i o n .  

If it i s  assumed tha t  

. _-  t h e  Venusian a tmosphere ,  
---FZTq 13 a d m i x t u r e s  whose d i s t r i b u -  

\ $*&? G u A i T p  t i o n  v s .  a l t i t u d e  i s  q u i t e  

B phase  t r a n s i t i o n s ,  ou r  n o t i o n s  

there  a r e  a d m i x t u r e s  i n  

1 %  p r o b a b l y  accompanied by 

about  a tmospher ic  p r o c e s s e s  
i n  a p u r e  C 0 2  medium t u r n  
o u t  t o  b e  o v e r s i m p l i f i e d ;  

\ .. t h e y  can  b e  s e e n ,  t h e r e f o r e ,  
as a f i r s t  approximat ion .  
The p r e s e n c e  o f  a d m i x t u r e s  
s h o u l d  b e  v e r y  i m p o r t a n t  f o r  

dynamics,  o p t i c a l  c h a r a c -  
t e r i s t i c s  and t h e  t h e r m a l  

t r o p o s p h e r e .  The problem 
of t h e  Venusian c l o u d s ,  

a 1 ':I 
\ ~ ''L?,, 

-. 
*. 
'... . x .  

..-, +. p h y s i c a l  s t r u c t u r e ,  thermo- 

- -  - regime o f  t h e  p l a n e t ' s  
i' 

F i g .  6 4 .  C e n t i m e t e r  radio-wave which i s  surveyed  i n  S e c t i o n  
a t t e n u a t i o n  ( f r e q u e n c y  f i n  t h e  I V . 7 , i s  a l s o  l i n k e d  d i r e c t l y  
Mariner-5 e x p e r i m e n t .  T l? e s o l i d  t o  t h i s  assumpt ion .  
c u r v e  i s  a c a l c u l a t i o n  of  t h e  
magnitude of t h e  a t t e n u a t i o n  Together  w i t h  t h e  pro-  
for p u r e  C02. The dashed l i n e  files T ( h )  and P ( h ) ,  which 
i s  a c a l c u l a t i o n  o f  a t t e n u a t i o n  have been c o n s t r u c t e d  from 
i n  a C02 t 1% HzO m i x t u r e ,  w i t h  
induced absorption taken into measurements on s p a c e c r a f t ,  
a c c o u n t  and w i t h  homogeneous F i g .  63 a l so  shows t h e  
a b s o r b i n g  c l o u d s  w i t h  a b s o r p t i o n  e x t r a p o l a t i o n s  c a l c u l a t e d  
c o e f f i c i e n t s  of  l.03-10-2 db/km f o r  t e m p e r a t u r e  a t  higher 
( f r o m  6098 t o  6100.8 km) and a l t i t u d e s ;  t h i s  has  been 
3 . 2 9 - 1 0 - 3  db/km (from 6100.6  t o  done i n  a c c o r d  w i t h  t h e  models 
6 1 0 4 . 1  km) C3821. The d o t s  a re  f o r  s u g g e s t e d  by McElroy [421,  
a c a l c u l a t i o n  assuming t h e  p r e s e n c e  4221 and Marov [ 9 7 ,  9 9 ,  4 1 2 1 .  
of mercury-halogen c l o u d s  [ 4 6 7 ] .  These c u r v e s ,  which have been 

o b t a i n e d  by u s i n g  s l i g h t l y  
Key: a .  A t t e n u a t i o n  d i f f e r e n t  i n i t i a l  

assumpt ions  are  a l t e r n a t i v e s  
of  t e m p e r a t u r e  change i n  t h e  Venusian s t r a t o s p h e r e ,  i . e . ,  above t h e  
t r o p o p a u s e .  
change i n  t h e  r a t e  of t e m p e r a t u r e  v s .  a l t i t u d e  d rop  o c c u r s ,  t h e  
l e v e l  where t h e  upper boundary of t h e  c l o u d s  i s  v i s i b l e  from E a r t h .  
T h i s  r e g i o n  i s  between 60 - 70  km i n  a l t i t u d e .  I n  a c e r t a i n  s e n s e ,  
t h i s  l e v e l  may be viewed a s  a t r a n s i t i o n  between c o n v e c t i v e  and 
r a d i a t i v e  e q u i l i b r i u m ;  a l t h o u g h  i t  i s  i m p o s s i b l e  t o  r u l e  o u t  here  

t h e  da t a  p r o v i d e d  by t h e  

By t r o p o p a u s e  w e  mean t h e  l e v e l  n e a r  which a n  a b r u p t  



t h e  p re sence  of l i m i t e d  i n t e n s i t y  c o n v e c t i v e  f l o w s  due  t o  t h e  
mechanism of  p e n e t r a t i v e  conve t i o n  caused  by the  i n s t a b i l i t y  
o f  l ower - ly ing  c l o u d s .  

By s t a r t i n g  w i t h  t h e  c o n d i t i o n  o f  r a d i a t i v e  e q u i l i b r i u m ,  i t  
i s  easy t o  c a l c u l a t e  a t e m p e r a t u r e  p r o f i l e  by u s i n g  t h e  long-wave 
r a d i a t i o n  t r a n s f e r  e q u a t i o n  f o r  a g r a y  a tmosphere  ( c f .  [501). 
Combining t h i s  e q u a t i o n  w i t h  a n  e q u a t i o n  t h a t  c h a r a c t e r i z e s  t h e  
change i n  o p t i c a l  t h i c k n e s s  v s .  a l t i t u d e  w i t h  t h e  c o n d i t i o n  of  
h y d r o s t a t i c  e q u i l i b r i u m  t a k e n  i n t o  account  ( I V . 3 )  l e a d s  t o  a /172 
sys tem of the  form 

where Te i s  t h e  e f f e c t i v e  t e m p e r a t u r e  
de t e rmined  from formula  ( I V . 1 ) ;  TI, i s  

( IV . 2 7  
ORIGINAL PAGE IS 

. OF POOR QUALITY 
(1v.28) 

o f  a s p i n n i n g  p l a n e t  as 
t h e  a tmosphe r i c  t e m p e r a t u r e  

a t  l e v e l  h; 'h is the optical depvh f o r  l e v e l  h ;  and  -rho i s  t h e  
o p t i c a l  d e p t h  f o r  l e v e l  ho. 

If T = = 228OK, we have 'Ih = 0 . 7 ,  i . e . ,  t h e  t r a n s m i s s i v i t y  
i s  p = e-0-7 ~ ~ 5 . 5 .  
t e m p e r a t u r e  i n  t h e  i n f r a r e d  r e g i o n  of  t h e  spec t rum r e fe r  t o  t h i s  
l e v e l  i n  t h e  a tmosphere ;  t h e s e  measurements,  a s  had been n o t e d ,  l e a d  
t o  v a l u e s  t h a t  d i f f e r  l i t t l e  from T e i  and t h i s  i n  t u r n  i n d i c a t e s  a 
l a rge  o p t i c a l  t h i c k n e s s  o f  t h e  e m i t t i n g  l a y e r .  The s y s t e m  (IV.27) - 
( IV .28)  makes i t  p o s s i b l e  t o  c a l c u l a t e  temperature  d i s t r i b u t i o n  
above  a g i v e n  l e v e l ,  r i g h t  up t o  a l t i t u d e s  where t h e  heat f l u x  i s  
released b y  the atmosphere w i t h o u t  a t t e n u a t i o n  ( T h  = 0 )  and t h e  
t e m p e r a t u r e  a s y m p t o t i c a l l y  a t t a i n s  the value Tnh = T, / 4 / F  = 195OK. 
For t h e  model i n  q u e s t i o n ,  t h i s  va lue -  c o r r e s p o n d s  t o  t h e  r e g i o n  o f  
a t e m p e r a t u r e  minimum, which c o r r e s p o n d s  t o  t h e  mesopause i n  t h e  
E a r t h ' s  a tmosphere ;  t h i s  r e g i o n  a l s o  c o i n c i d e s  w i t h  t h e  bot tom of t h e  
thermosphere whichis c h a r a c t e r i z e d  b y  a p o s i t i v e  t e m p e r a t u r e  g r a d i e n t  
due  t o  t h e  d i r e c t  a b s o r p t i o n  o f  s o l a r  u l t r a v i o l e t  r a d i a t i o n ;  d i r e c t  
a b s o r p t i o n  becomes e f f e c t i v e  a t  l e v e l s  where T~~ 5 1. S i n c e  C O 2  
a b s o r p t i o n  b e g i n s  f o r  a l l  p r a c t i c a l  pu rposes  i n  t h e  r e g i o n  t h a t  
c o r r e s p o n d s  t o  a Schuman-Runge continuum, i t  i s  n o t  d i f f i c u l t  t o  
estimate t h a t  a t  a mean v a l u e  8f t h e  a b s o r p t i o n  c o e f f i c i e n t  i n  
t h e  i n t e r v a l  h = 1 7 2 5  t o  1 0 0 0  A ,  
i s  r e a c h e d  a t  a l t i t u d e s  where t h e  c o n c e n t r a t i o n  o f  p a r t i c l e s  i s  
n 5 1013cm-3, i . e . ,  hM 2 

"from t h e  t o p "  and " f r Q m  t h e  bottom" f o r  t h e  pu rpose  of  d e t e r m i n i n g  
t h e  a l t i t u d e  of  the  mesopause i n  t h e  Venusian a tmosphere  are  compa- 
t i b l e  n e a r  t h e  g i v e n  l e v e l .  I n  s o d o i n g ,  t h e  c o n d i t i o n  c o r r e s p o n d i n g  
t o  t h e  p o s i t i o n  o f  t h i s  t r a n s i t i o n  r e g i o n  f:-?m t h e  lower  t o  t h e  
upper  a tmosphere  as  i n  t h e  d e f i n i t i o n  g i v e n  I n  S e c t i o n  V I . l  i s  a l s o  
met r a t h e r  w e l l .  

Measurements of  t h e  b r i g h t n e s s  and c o l o r  

= l O - l 9  cm2 [ 1 2 l l , t h i s  c o n d i t i o n  

1 0 5  - 110 km. Thus, t h e  estimates o b t a i n e d  n 
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I n  e s s e n c e ,  a similar r e s u l t  i s  o b t a i n e d  i n  a model 14211 
w i t h  a s l i g h t l y  l a rge r  t e m p e r a t u r e  g r a d i e n t  i n  t h e  s t r a t o s p h e r e ,  
one which r e s u l t s  i n  Tb1 170°K.  T h i s  v a l u e  i s  c l o s e  t o  the  
v a l u e  o f  t h e  t e m p e r a t u r e  minimum g i v e n  by  t h e  r e f i n e d  data o f  a n  
a n a l y s i s  o f  t h e  Mariner-5 measurements C3051 (TM 3 1 5 0  - 170OK). 
It i s  d i f f i c u l t  t o  estimate t h e  a l t i t u d e  of t h e  mesopause from 
t h e s e  data,  even  though they  r e v e a l  a d e f i n i t e  tendency t o  l o c a t e  
i t  lower  t h a n  t h e  t h e o r e t i c a l  e s t i m a t e s  do (somewhere about  85 - 
90 km) ,  i . e . ,  a t  about  t h e  same l e v e l  as f o r  t h e  E a r t h ) .  We n o t e  
t ha t  due t o  t h e  absence  of  an i n t e r v e n i n g  t e m p e r a t u r e  i n v e r s i o n ,  
as takes  p l a c e  i n  the E a r t h ’ s  a tmosphere as  a r e s u l t  o f  t h e  
p r e s e n c e  o f  a n  ozone l a y e r  ( o z o n o s p h e r e ) ,  t h e  r e g i o n s  o f  t h e  
s t r a t o s p h e r e  and mesosphere i n  t h e  Venusian atmosphere can be 
c o n s i d e r e d  t o  c o i n c i d e ,  s o  t h a t  t h e  thermosphere b e g i n s  d i r e c t l y  
above t h e  s t r a t o s p h e r e .  T h e r e f o r e ,  one can  c o n d i t i o n a l l y  name t h i s  
r e g i o n  t h e  s t r a t o m e s o s p h e r e .  

The independent  estimates of  t h e  parameters o f  t h e  n e u t r a l  
a tmosphere ,  estimates made from data from t h e  p h o t o m e t r i c  o b s e r v a -  
t i o n s  of  the  v a r i a t i o n  o f  t h e  b r i g h t n e s s  of  Regulus on i t s  
o c c u l t a t i o n  by Venus on J u l y  7,  1959, conform t o  o u r  n o t i o n s  about  
t h e  r i s e  i n  t e m p e r a t u r e  above t h e  l e v e l  hM. 
d o e s  n o t  d i f f e r  from t h e  one used t o  d e t e r m i n e  a tmospher ic  para- 
meters from t h e  a t t e n u a t i o n  o f  t h e  r a d i o  s i g n a l  i n  t h e  Mariner-5 
e x p e r i m e n t .  For  computat ion of  t h e  magnitude o f  t h e  a t t e n u a t i o n  
o f  t h e  luminous f l u x  T ( r ) ,  t herefore ,  t he  r e l a t i o n  ( I V . 2 4 )  h o l d s  
t r u e .  Vaucouleurs  and Menzel C5321 determined  ( a t  t h e  l e v e l  of 
t h e  o c c u l t a t i o n  r = 6169 5 2 km -- which c o r r e s p o n d s  t o  a r e d u c t i o n  
of e times i n  t h e  b r i g h t n e s s  o f  t he  s t a r )  v a l u e s  f o r  p r e s s u r e  PR,  
t h e  sca le  he ight  HR and its l oga r i thmic  
g r a d i e n t ,  v a l u e s  t h a t  a l low one t o  e x t e n d  t h e  a tmospher ic  model  
o f  Venus from t h e  b e g i n n i n g  of t h e  Mariner-5 measurements upwards 

B a s i c a l l y ,  t h i s  method 

b y  a b o u t  30 km. These v a l u e s  t u r n  o u t  t o  b e  e q u a l  to 

Martynov and  P o s p e r g e l i s  [ l o 5 1  o b t a i n e d  a s imilar  v a l u e  of t h e  
s c a l e  h e i g h t  on t h e  l e v e l  of  t h e  o c c u l t a t i o n  (HR = 6 km) by u s i n g  
t h e  same method. However, Martynov c o n s i d e r s  Cl06, 1071 tha t  i t  i s  
less  r e l i a b l e  t o  d e t e r m i n e  a l t i t u d e  from t h e  l e v e l  o f  o c c u l t a t i o n  
and i n s t e a d  of a l t i t u d e  hR = 119 + 2 k m  (which c o r r e s p o n d s  t o  

= 6050 k m ) ,  he g i v e s  a v a l u e  07 hR = 116 + 1 0  km, u s i n g  a n  

estimate of R* =‘6100 t 3 0  km f o r  t h e  r a d i u s  o f  t h e  Venusian 

c l o u d  l a y e r .  
g r a d i e n t  dT/dh = T d I n  H a t  t h e  l e v e l  o f  t h e  o c c u l t a t i o n  f o r  a 
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A t  HR = 6.8  km, t h e  t e m p e r a t u r e  and t h e  t e m p e r a t u r e  

dh 



predominant ly  C 0 2  c o n c e n t r a t i o n ,  i . e . ,  assuming t h a t  i; = 43 .4  i s  
m a i n t a i n e d  a t  these a l t i t u d e s ,  a r e  e q u a l  t o  300°K and 3 deg/km-l, 
r e s p e c t i v e l y .  

R e c o n c i l i n g  a l l  a v a i l a b l e  da t a  f o r  t h e  s t r a t o m e s o s p h e r e  and 
t h e  lower thermosphere  ( t h e  l e v e l  t o  which t h e  o c c u l t a t i o n  of 
Regulus c o r r e s p o n d s )  meets w i t h  d e f i n i t e  d i f f i c u l t i e s .  I f  TM = 
1 9 5 O K  i s  assumed, t h e  c a l c u l a t e d  p r e s s u r e  p r o f i l e  P ( h )  can be 
r e c o n c i l e d  w i t h  t h e  v a l u e  of PR; however, a p p r e c i a b l e  d i s c r e p a n c i e s  
are  r e v e a l e d  i n  estimates o f  TR and d lnH/dh .  The best  
agreement w i t h  t h e  p a r a m e t e r s  o f  t h e  s t r a t o m e s o s p h e r e ,  p a r a m e t e r s  
which are  based  on p r e v i o u s l y  p u b l i s h e d  Mariner-5 data and on an  
approximat ion  o f  r a d i a t i v e  e q u i l i b r i u m , i s  r e a c h e d  a t  T = 220°K 

have suggesFed t h a t  e r r o r s  i n  d e t e r m i n i n g  HR and ( d  I n  H/dh)R ( t h e  
e r r o r s  mentioned by t h e  a u t h o r s  of t h e  p h o t o m e t r i c  measurements) a r e  
t o o  o p t i m i s t i c , i n a s m u c h a s  a t  the l e v e l  o f  t h e  o c c u l t a t i o n ,  t h e  concen- 
t r a t i o n  o f  p a r t i c l e s  i s  most r e l i a b l y  d e t e r m i n e d ,  w h i l e  d e r i v a t i v e s  
a re  t h e  leas t  r e l i a b l y  de te rmined .  I n  t h e  McElroy model shown i n  
F i g .  63,  t h e r e f o r e ,  t h e  assumpt ion  i s  t ha t  a s t i l l  l a r g e r  c o r r e c t i o n  
f o r  t e m p e r a t u r e  and t h e  t e m p e r a t u r e  g r a d i e n t  n e a r  hR i s  p o s s i b l e .  

i n  a much lower  t e m p e r a t u r e  o f  t h e  mesopause, make i t  d i f f i c u l t  
t o  a c c e p t  t h e  r e s u l t s  o f  Vaucouleurs  and Menzel, n o t  o n l y  f o r  
t e m p e r a t u r e  b u t  a l s o  f o r  p r e s s u r e .  I n  f a c t ,  a t  a lower  t e m p e r a t u r e  
of t h e  m e s o s t r a t o s p h e r e  and t h u s  a smaller H ,  t h e  f a l l  i n  p r e s s u r e  
w i t h  a l t i t u d e  o c c u r s  more q u l c k l y , ( c f .  formula  ( I V . 3 ) ) ;  t h e  p r e s s u r e  
a t  t h e  o c c u l t a t i o n  l e v e l ( a c c o r d i n g  t o  t h e  model g i v e n  i n  t h e  
A p p e n d i x l t h e r e f o r e  i s  about  a n  o r d e r  o f  magnitude s m a l l e r  t h a n  
P . T h i s  r e s u l t ,  which d o e s  n o t  e n a b l e  t h e  comple te  r e c o n c i l i a t i o n  
o!? all a v a i l a b l e  e x p e r i m e n t a l  da ta ,  makes i t  e s p e c i a l l y  n e c e s s a r y  
t o  s t u d y  t h e  s t r u c t u r e  o f  t h e  Venusian a tmosphere  a t  a l t i t u d e s  o f  
about 7 0  - 120 km. 

and (dT/dh) = 2 . 2  deg/km-l [99, 4121. Hunten and McE B roy  [3501 

The r e f i n e d  r e s u l t s  o f  Dlariner-5 measurements,  which r e s u l t  

The dynamics o f  t h e  p l a n e t a r y  a tmosphere  are  d i r e c t l y  r e l a t e d  /175 
t o  t h e  problem o f  t h e  s p a t i a l  s t r u c t u r e  o f  t h e  a tmosphere .  The 
g r e a t  a t m o s p h e r i c  dep th ,  t h e  s l o w  p l a n e t a r y  r o t a t i o n  and t h e  small 
a n g l e  o f  i n c l i n a t i o n  of t h e  e q u a t o r  t o  t h e  o r b i t  g i v e  r e a s o n  t o  
t h i n k  t h a t  motion and heat exchange i n  t h e  Venusian atmosphere a re  
n o t  similar t o  p r o c e s s e s  i n  t h e  E a r t h ' s  a tmosphere .  

D e s p i t e  Venus' p r o x i m i t y  t o  E a r t h ,  there  have been few 
e x p e r i m e n t a l  d a t a  a b o u t  c i r c u l a t i o n  i n  t h e  Venusian atmosphere up 
u n t i l  r e c e n t l y .  The most i n t e r e s t i n g  i s  the well-known, four-day 
c i r c u l a t i o n ,  which was r e v e a l e d  i n  u l t r a v i o l e t  photographs  ( c f .  
S e c t i o n  11.1). Other da t a  ( e . g . ,  t h e  s h i f t i n g  o f  t h e  l i n e  o f  t h e  
t e r m i n a t o r ,  caused  a c c o r d i n g  t o  G i e r a s c h  and Goody [313], by 
s t r o n g  c o n v e c t i v e  movements) a re  q u i t e  few i n  number and a re  
b a s i c a l l y  of  a p e r i p h e r a l  c h a r a c t e r .  



The small  number o f  exper iments  c a r r i e d  o u t  on t h e  Venera 
s t a t i o n s ,  t h e i r  l i m i t e d  e x t e n t  i n  s p a c e  (5OO-3OOO km) on bo th  
s ides  o f  t h e  morning t e r m i n a t o r )  and the  r e l a t i v e l y  b r i e f  d e s c e n t  
t i m e  have n o t  enabled  a schema o f  p l a n e t a r y  c i r c u l a t i o n  t o  b e  
c o n s t r u c t e d  from t h e s e  d a t a .  Because of  s low p l a n e t a r y  r o t a t i o n ,  t h e  
great thermal i n e r t i a  o f  t h e  atmosphere,  and t h e  absence  of  s e a s o n s ,  
c i r c u l a t i o n  on Venus p r o b a b l y  has t h e  c h a r a c t e r  of  a c o n s t a n t  wind 
sys tem and a p p e a r s  t o  b e  much more s t a b l e  t h a n  on t h e  E a r t h .  I t  i s  
t h e r e f o r e  p o s s i b l e  t o  m a i n t a i n  t h a t  t h e  r e s u l t s  o f  l o c a l  e x p e r i m e n t s  
c a n  c a r r y  o v e r  t o  s e v e r a l  o f  i t s  p r o p e r t i e s  i n  g e n e r a l ,  even though 
p u r e l y  l o c a l  c o n d i t i o n s  can  i n  p r i n c i p l e  e x e r t  a d e f i n i t e  i n f l u e n c e .  

The r e s u l t s  o f  a n a l y z i n g  t h e  exper iments  c a r r i e d  o u t  on 
Venera-4, -7, and -8 are summarized i n  F i g .  65 as i n  [671. It i s  
worthy of  n o t e  tha t  t h e  a l t i t u d e  p r o f i l e s  o f  h o r i z o n t a l  wind a re  i n  
good agreement  w i t h  each  o t h e r .  Although, as  p o i n t e d  o u t  i n  
S e c t i o n  IV.3,  t h e  wind v e l o c i t y  measured on Venera-8 i s  h i g h e r  t h a n  
t h o s e  measured on Venera-4 and Venera-7, t h e i r  p r o f i l e s  have 
s e v e r a l  f e a t u r e s  i n  common: an  i n c r e a s e  i n  wind v e l o c i t y  w i t h  
a l t i t u d e ,  a n  a l m o s t  c o n s t a n t  wind v e l o c i t y  a t  a l t i t u d e s  of  20 - 40 
km,  t h e  a b s e n c e  o f  s t r o n g  winds n e a r  t h e  s u r f a c e .  The d i s c r e p a n c i e s  
i n  t h e  data  f r o m  Venera-4, -7 and -8 can  i n  f a c t  be even smaller, 
p r o v i d e d  t h e  s y s t e m a t i c  e r r o r s  o f  measurements o f  Venera-4 and 
Venera-7,as  well as t h e  f a c t  t h a t  t h e i r  d e s c e n t s  were i n  d i f f e r e n t  
r e g i o n s ,  a re  k e p t  i n  mind. For  Venera-4, i t  i s  n e c e s s a r y  a l s o  t o  
c o n s i d e r  t h a t  t h e  measured v e l o c i t y  component c o u l d  have c o r r e s p o n d e d  
n o t  o n l y  t o  meridianalmovement ,  as was a c c e p t e d  i n  t h e  o r i g l n a l  
i n t e r p r e t a t i o n ,  b u t  a l s o  t o  z o n a l  movement i n  t h e  d i r e c t i o n  of t h e  
r e t r o g r a d e  r o t a t i o n  o f  Venus. These c o n s i d e r a t i o n s , a r e  f i g u r e d  i n t o  
F ig .  65, i n  which t h e  Venera-4 ( c f .  F i g .  5 0 )  and Venera-7 ( c f .  
F i g .  51) p r o f i l e s  a r e  s h i f t e d  as a whole t o  v a l u e s  t h a t  l i e  w i t h i n  
t h e  bounds of  s y s t e m a t i c  e r r o r ;  f o r  Venera-4, t h e  v e l o c i t y  i s  
c o n v e r t e d  here i n t o  a z o n a l  component. The dashed l i n e  shows t h e  
wind v e l o c i t y  a c c o r d i n g  t o  t h e  measurements o f  Venera-7 f o r  t h a t  
p o r t i o n  o f  t h e  d e s c e n t  which began d i r e c t l y  a f t e r  t h e  first s i g n a l  
was r e c e i v e d  from t h e  d e s c e n t  a p p a r a t u s .  

A s  i s  s e e n ,  t h e  mot ions  are  c h a r a c t e r i z e d  by a g r a d u a l  r i s e  
i n  h o r i z o n t a l  wind v e l o c i t y  from a l m o s t  z e r o  a t  t h e  s u r f a c e  t o  
= 1 0 0  m/sec n e a r  50  km, where t h e  d i r e c t i o n  of  t h e  motion c o i n c i d e s  
w i t h  t h e  p l a n e t ' s  own r o t a t i o n ,  and where t h e  motion i s  from t h e  
n i g h t  s i d e  t o  the day s ide  a c r o s s  t he  morning t e r m i n a t o r .  The 
maximum k i n e t i c  energy  i n  t h e  lower  atmosphere i s  r e a c h e d  a t  a n  
a l t i t u d e  o f  1 8  - 20 km. The measured wind v e l o c i t y  a t  a l t i t u d e s  
o f  2 0  - 40 km i s  e q u i v a l e n t  t o  9 0  - 1 2 0  m/sec on t h e  E a r t h ' s  s u r f a c e ;  
0 . 5  m/sec a t  t h e  s u r f a c e  o f  Venus c o r r e s p o n d s  t o  a wind v e l o c i t y  
o f  3 .5  m/sec a t  t h e  E a r t h ' s  s u r f a c e . 1 5  It i s  p o s s i b l e  t h a t  

c 
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Equiva lence  i n  t h e  s e n s e  o f  v e l o c i t y  p r e s s u r e  pv2/2 is meant 
here ,  i . e . ,  v / v ~  = ( p a / p p ) l / 2 .  9 
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Fig. 65. H o r i z o n t a l  wind profiles 
as a g g r e g a t e d  from t h e  Venera-4, 
Venera-7 and  ene era-8 measure- 
ments .  

Key: a.  Venera 
b .  km 
c .  m/sec 

h o r i z o n t a l  wind v e l o c i t y  on 
t h e  n i g h t  s i d e  i s  s l i g h t l y  
l ess  t h a n  on t h e  d a y  s i d e .  The 
v e l o c i t i e s  o f  v e r t i c a l  
movements a t  a l t i t u d e s  up 
t o  50 km i n  t h e  regions 
covered  by t h e  measurements 
a p p a r e n t l y  do n o t  exceed 
0 . 3  - 0.5 m/sec and a re  p r o b a b l y  
even less.  J u d g i n g  from the  /177 
data of Venera-4 and V e n e r a - f l  
measurements,  i t  i m p o s s i b l e  
t o  r u l e  o u t  t h e  p o s s i b i l i t y  
t h a t  t h e r e  i s  a m e r i d i a n a l  
wind from t h e  n o r t h  p o l e  t o  
t h e  e q u a t o r  and from t h e  
e q u a t o r  t o  t h e  s o u t h  p o l e  
n e a r  t h e  morning t e r m i n a t o r .  

A comparison of t h e  
wind v e l o c i t y  p r o f i l e s  o b t a i n e d  
and t h e  directions of  t h e  
measured components leads t o  
t h e  c o n c l u s i o n  t h a t  motions 
i n  the Venusian atmosphere can 
d i f f e r  a p p r e c i a b l y  from 
schemas of c i r c u l a t i o n  
c o r r e s p o n d i n g  t o  v a r i o u s  
t h e o r e t i c a l  models ( c f .  
S e c t i o n  V.l and V.2) .  It 
i s  p o s s i b l e  t o  assume, wh i l e  
making r e s e r v a t i o n s  a t  t h e  

same time for t h e  l i m i t e d  e x p e r i m e n t a l  data and t h e  p o s s i b i l i t y  o f  
g e n e r a l i z i n g  from local observations, t h a t  one of  the schemas t h a t  
s a t i s f y  t h e  Venera measurements i s  t h e  p r e s e n c e  i n  t h e  e q u a t o r i a l  
zone o f  t h e  Venusian atmosphere of  a c i r c u l a r  motion c o i n c i d i n g  

, w i t h  t h e  d i r e c t i o n  o f  t h e  p l a n e t ' s  r o t a t i o n  around i t s  a x i s .  

A s imilar  motion a p p a r e n t l y  o c c u r s  i n  t h e  atmosphere even 
a t  a l t i t u d e s  of a b o u t  1 0 0  km; i t  i s  t o  t h e s e  a l t i t u d e s  t ha t  UV 
r e s e a r c h  on t h e  movement of  d e t a i l s  on the  d i s k  of Venus r e f e r .  

t o  a mean c i r c u l a t i o n  p e r i o d  of = 4 . 5  days .  About t h e  same p e r i o d  
can  b e  t y p i c a l  of motion i n  t h e  r e g i o n  where t h e  Venera measurements 
began, w h i l e  a t  a l t i t u d e s  o f  20 - 4 0  km, t h e  c i r c u l a t i o n  p e r i o d  can 
be 1 2  days  and l o n g e r .  If c i r c u l a t i o n  of t h i s  s o r t  a c t u a l l y  
e x i s t s ,  t h e n  t h e  Venera measurements,  which r e f e r  t o  v a r i o u s  p a r t s  /178 
of t h e  p l a n e t ,  r e f l e c t  a l a t i t u d i n a l - t e m p o r a l  motion v a r i a b i l i t y .  
Measurements o f  t h e  d i f f e r e n t i a l  Doppler s h i f t  o f  C 0 2  bands i n  
t h e  i n f r a r e d  r e g i o n  [224 ] ,  measurements t h a t  have t o  do w i t h  t h e  
v i s i b l e  c l o u d  l a y e r  ( =  6 0  - 70 km), a l s o  i n d i c a t e  t h e  p o s s i b i l i t y  
of mot ions  w i t h  v e l o c i t i e s  up t o  1 0 0  rn/sec a t  t hese  a l t i t u d e s .  

I Wind v e l o c i t y  a t  these a l t i t u d e s ,  as w e  have s e e n ,  c o r r e s p o n d s  
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By u s i n g  t h e  Venera measurements and d a t a  from u l t r a v i o l e t  
' photography and s p e c t r o s c o p i c  measurements,  i t  i s  p o s s i b l e  t o  

conce ive  of  a "wind model" o f  t h e  e q u a t o r i a l  zone o f  Venus i n  t h e  
form shown i n  F i g .  66 .  The area bounded by t h e  s o l i d  l i n e s  
co r re sponds  t o  p o s s i b l e  v a r i a t i o n s  i n  wind v e l o c i t y  as de termined  
by v a r i o u s  measurements.  

- ___ 
I!. h Y 

Thus, i n  t h e  Venusian 
~~i-tTXNAL PAGE E3 a tmosphere ,  a t  l ea s t  i n  t h e  
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F i g .  66 .  "Wind model" of t h e  
e q u a t o r i a l  zone o f  Venus -- 
a c c o r d i n g  t o  a g g r e g a t e  measurements 
o f  t h e  Venera ser ies  and ground-based 
o b s e r v a t i o n s .  

Key: a .  UV photography 
b .  S p e c t r o s c o p i c  measure- 

c .  Venera 
d .  m/sec 

ments 

s u r f a c e ,  t h e r e  i s  a p p a r e n t l y  
a p e r s i s t e n t  z o n a l  movement 
of  a c i r c u l a t o r y  type ;  t h i s  
motion i s  c h a r a c t e r i z e d  by 
a complex dependence of' t h e  
i n c r e a s e  i n  t h e  wind 
v e l o c i t y  g r a d i e n t  on a l t i -  
t u d e .  One may presume 
t h a t , w i t h  t h e  low v e l o c i t y  
o f  t h e  p l a n e t ' s  own r o t a t i o n ,  
h o r i z o n t a l  t r a n s f e r  p l a y s  
a more prominent  r o l e  i n  
e q u a l i z i n g  t h e  i r r e g u l a r l y  
heated areas o f  t h e  
a tmosphere  ( caused  by 
v a r i a t i o n  i n  d a i l y  i n s o l a t i o n )  
t h a n  i s  t h e  c a s e  on Ea r th ,  
where h o r i z o n t a l  v e l o c i t i e s  
are u s u a l l y  less  t h a n  0 . 1  A 
and r e a c h e s  1 . 7  - 1 . 8  A 
o n l y  i n  t h e  thermosphere ,  
a t  a l t i t u d e s  of  300 - 350 km 
[379, 4103. On Venus, t h i s  
v a l u e  i s  reached a t  1 0  kni, 
w h i l e  i t  r e a c h e s  about  50 A 
n e a r  50 km. Fu r the rmore ,  i n  
c o n t r a s t  t o  E a r t h ,  where 
s e a s o n a l  v a r i a t i o n  b r i n g s  
abou t  a r e o r g a n i z a t i o n  o f  
s t r a t o s p h e r i c  c i r c u l a t i o n  
from t h e  w e s t  i n  w i n t e r  t o  

t h e  eas t  i n  summer, on Venus t h e r e  i s  e v i d e n t l y  a s u f f i c i e n t l y  
p e r s i s t e n t  flow o f  gas  f rom t h e  n i g h t  s ide  t o  t h e  d a y  s i d e .  

t h e  p l a n e t  from onboard t h e  Mariner-10 s p a c e c r a f t  [581].  S u c c e s s i v e  
photographs  o f  Venus w i t h  a n  u l t r a v i o l e t  f i l t e r  (Amax = 3550 8 )  and 
w i t h  a r e s o l u t i o n  t h a t  v a r i e d  from 130 k m  t o  1 0 0  m enab led  
c h a r a c t e r i s t i c  f e a t u r e s  o f  s p a t i a l  movements l i n k e d  d i r e c t l y  t o  t h e  

These c o n c e p t i o n s  are conf i rmed by t h e  r e s u l t s  o f  pho tograph ing  

8 '' By 
t h e  e q u a t o r .  

A i s  meant t h e  l i n e a r  v e l o c i t y  o f  t h e  p l a n e t ' s  r o t a t i o n  a t  

, 



r e g i o n s  of  t h e  upper  t r o p o s p h e r e  and t h e  lower s t r a t o s p h e r e  t o  b e  /179 
d i s c o v e r e d .  Over and above t h e  c l e a r l y - t r a c e d  d r i f t i n g  motions 
i n  t h e  e q u a t o r i a l  zone, movements which r e f l e c t  t h e  p e r s i s t i n g  
four-day z o n a l  c i r c u l a t i o n ,  ( i n  whose s t r u c t u r e  are  v a r i o u s  i n d i v i -  
d u a l  b e l t s  up t o  1 0 0  km w i d e ) ,  an i n c r e a s e  i n  a n g u l a r  v e l o c i t y  
w i t h  i n c r e a s e s  i n  l a t i t u d e  was a l s o  d i s c o v e r e d ,  i n c l u d i n g  t h e  
f o r m a t i o n  o f  c l e a r l y  d i s t i n g u i s h a b l e  s p i r a l  s t r u c t u r e s  and w h i r l -  
winds a t  t h e  p o l e s  ( c f .  F i g .  7 3 b ) .  A t  50° l a t i t u d e ,  c i r c u l a t i o n  
e v i d e n t l y  h a s  a p e r i o d  o f  about  two E a r t h  days  and a v e l o c i t y  o f  

1 0 0  m/sec. A t  low l a t i t u d e s ,  m e r i d i a n a l  motion i s  small, and 
n o t  l o c a l i z e d ;  l a r g e - s c a l e  whi r lwinds  s imi l a r  t o  c y c l o n e s  on E a r t h  
have been d i s c o v e r p d .  Wi th in  s e v e r a l  t e n s  o f  d e g r e e s  i n  l a t i t u d e  
and l o n g i t u d e  from t h e  s u b s o l a r  p o i n t ,  t h e r e  a re  i n d i c a t i o n s  o f  
l a r g e - s c a l e  c e l l u l a r  c o n v e c t i o n ,  which m a i n t a i n  themselves  a g a i n s t  
t h e  g e n e r a l  background o f  p e r s i s t e n t  z o n a l  motions.  The i n t e r a c t i o n  
o f  these  two forms o f  motion can presumably r e s u l t  i n  t h e  a p p e a r a n c e  
o f  t h e  d i s t u r b a n c e s  observed  i n  t h e  form o f  wave movements n e a r  t h e  
midday m e r i d i a n . l 7  

U n f o r t u n a t e l y ,  v e r y  l i t t l e  i s  now known about  t h e  mechanism 
by  which t h e  c i r c u l a r  motions a re  m a i n t a i n e d .  One can assume t h a t ,  
w i t h  a r e l a t i v e l y  sma l l  and v a r i a b l e  ( b y  a l t i t u d e )  o p t i c a l  d e n s i t y  
of  t h e  s t r a t o m e s o s p h e r e ,  t h e  a b s o r p t i o n  of  r a d i a n t  energy  i n c r e a s e s  
w i t h  d e p t h  and leads t o  t h e  appearance  o f  i n t e n s e  a d v e c t i o n  -- 
due t o  which an  e q u a l i z a t i o n  o f  i r r e g u l a r l y  h e a t e d  areas takes  p l a c e .  
G i e r a s c h  [312] h a s  examined one of  t h e  p o s s i b l e  mechanisms of  t h i s  
a d v e c t i o n .  The backward movement of  a f l u i d  when i t  i s  h e a t e d  w i t h  
a slowly r o t a t i n g  h e a t  s o u r c e  ( d i s c o v e r e d  by l-5861) can  s e r v e  as 
e x p e r i m e n t a l  a n a l o g y ,  a l t h o u g h  t h e  p o s s i b i l i t y  o f  a p p l y i n g  t h i s  
a n a l o g y  t o  t h e  Venusian atmosphere r e q u i r e s  a d d i t i o n a l  t h e o r e t i c a l  
and e x p e r i m e n t a l  s u b s t a n t i a t i o n .  

I n  o r d e r  t o  u n d e r s t a n d  dynamic p r o c e s s e s  i n  t h e  a tmosphere ,  1180 
data on t h e  c h a r a c t e r  and  s i z e  o f  t h e  component movements r e l a t ed  
t o  t u r b u l e n t  t r a n s f e r  are  o f  g r e a t  impor tance .  J u d g i n g  by  dynamic 
c o n d i t i o n s  and c o n d i t i o n s  of thermal s t r a t i f i c a t i o n ,  one can  e x p e c t  
t h a t  t h e  i n e r t i a l  r a n g e  i n  which t u r b u l e n c e  i s  c l o s e  t o  i s o t r o p i c  
c1121 o c c u p i e s  a l a r g e r  r e g i o n  o f  s p a t i a l  s c a l e s  i n  t h e  Venusian 
a tmosphere  t h a n  i n  t h e  E a r t h ' s  a tmosphere .  I n  f a c t ,  t h e  k i n e m a t i c  
v i s c o s i t y  c o e f f i c i e n t ,  whose magnitude d e t e r m i n e s  t h e  m i c r o s c a l e  
o f  t u r b u l e n c e ,  i s  1 . 5  - 4 0  t i m e s  smaller (as  a f u n c t i o n  of  a l t i t u d e )  
i n  t h e  Venusian a tmosphere  t h a n  i n  t h e  E a r t h ' s  a tmosphere ,  even 
n e a r  t h e  s u r f a c e .  On t h e  o t h e r  hand, s i n c e  t h e  t r o p o s p h e r e  i n  t h e  
Venusian atmosphere ( 6 0  - 70 k m )  i s  l o c a t e d  3 .5  - 5 times h i g h e r  

l7 It  i s  i m p o s s i b l e  t o  r u l e  o u t  t h e  c o n t e n t i o n  t h a t  l o n g i t u d i n a l  
waves are  a r o u s e d  i n  t h e  s t r a t o m e s o s p h e r e  o f  Venus and t ha t  t h e  
mixing observed  i n  u l t r a v i o l e t  i s  p a r t l y  r e l a t e d  t o  t h e  
group v e l o c i t i e s  of  t h e s e  wave p r o c e s s e s .  It i s  known t h a t  i n  
E a r t h  c o n d i t i o n s  such  i r r e g u l a r  t u r b u l e n t  movements r e s u l t  i n  
group v e l o c i t i e s  on t h e  o r d e r  of 1 0  - 20 m/sec w i t h  a n  a m p l i t u d e  
of about  4 km and c h a r a c t e r i s t i c  wavelengths  o f  up t o  50 km ( c f .  
for example [ 9 3 ] ) .  
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t h a n  i n  t he  Ea r th ’ s  atmosphere (11 - 1 7  km) and s i n c e  t h e  s c a l e  
h e i g h t  exceeds  t ha t  o f  t h e  E a r t h ,  t h e  upper  v e r t i c a l  s c a l e  of  t h e  
i n e r t i a l  r a n g e  i n  t h e  Venusian atmosphere should  n o t  be l e s s  t h a n  
t h a t  of  t h e  Ear th .  I n  a d d i t i o n ,  t h e  f a c t  t h a t  t h e  t e m p e r a t u r e  
g r a d i e n t  i n  t h e  Venusian atmosphere i s  c l o s e  t o  t h e  a d i a b a t i c  
i s  a l s o  conducive  t o  t h e  i s o t r o p i c  c h a r a c t e r  o f  t u r b u l e n c e  C112, 
3771. 

I f  t h e  t u r b u l e n c e  i s  c o n s i d e r e d  t o  b e  i s o t r o p i c ,  t h e n  t h e  
mean s q u a r e  v a l u e  of t h e  f l u c t u a t i o n s  o f  t h e  v e r t i c a l  and h o r i -  
z o n t a l  wind components s h o u l d  be n e a r l y  i d e n t i c a l  (more a c c u r a t e l y ,  
s h o u l d  d i f f e r  by ( 4 / 3 ) 1 i 2  t imes) .  
ana lyzed  t h e  r e s u l t s  o f  t h e  Venera measurements,  t h e  c h a r a c t e r i s t i c  
s c a l e  of t u r b u l e n c e  had a v a l u e  o f  1 0 0  - 2 0 0  rn, which i s  larger  
t h a n  t h e  v a l u e  i n  t h i s  case,  f l u c t u a t i o n s  i n  t h e  h o r i z o n t a l  
wind component s o u l d  n o t  f o r  a l l  p r a c t i c a l  p u r p o s e s  have 
i n f l u e n c e d  t h e  v e r t i c a l  v e l o c i t y  of  t h e  d e s c e n t  a p p a r a t u s .  T h e r e f o r e ,  
as a r e s u l t  o f  t h e  f a c t  t h a t  t h e  a n g l e  5 i s  small ( c f .  F i g .  4 7 ) ,  
t h e  observed  f l u c t u a t i o n s  should  b e  r e l a t ed  b a s i c a l l y  t o  t h e  
v e r t i c a l  wind v e l o c i t y  component C66, 3773. The small v a l u e  o f  
f l u c t u a t i o n s  below 40 km i n d i c a t e s ,  f i rs t ,  t h a t  c o n v e c t i v e  f l o w s  
a r e  small ,  which does  n o t  c o n t r a d i c t  p r e v i o u s  estimates of q f rom 
t e m p e r a t u r e  and p r e s s u r e  measurements ( c f .  Fig. 4 8 ) ,  and ,  second,  
t h a t  t h e  g r a d i e n t s  o f  h o r i z o n t a l  wind v e l o c i t y  are small 
( o b v i o u s l y ,  e x c l u d i n g  a l t i t u d e s  from 1 2  t o  1 8  k m ,  as  i n  a c c o r d  
w i t h  Venera-8 da t a ) .  

A s  was n o t e d  i n  S e c t i o n  IV.5,which 

The p r e s e n c e  o f  t u r b u l e n c e  between 40 and 55 km i s  i n  
agreement w i t h  t h e  la rge  wind v e l o c i t y  g r a d i e n t s  observed  a t  these  1 1 8 1  
a l t i t u d e s .  I f ,  as a c r i t e r i o n  of  t h e  development o f  t u r b u l e n c e ,  
we u s e  a Richardson  number 

where B = duh/dh i s  t h e  wind v e l o c i t y  g r a d i e n t  i n  a l a y e r  w i t h  mean 
t e m p e r a t u r e  T, t h e n  i t  i s  h i g h l y  p r o b a b l e  t ha t  there  i s  t u r b u l e n c e  
a t  a l t i t u d e s  where t h e  c o n d i t i o n  Ri < R i *  i s  met. The c r i t i c a l  
Richardson  number i s  Ri* = 0 .5  - 1.0. F i g .  67 shows R i  numbers 
c a l c u l a t e d  f r o m  measurements o f  wind v e l o c i t y  by u s i n g  p r e v i o u s l y  
o b t a i n e d  v a l u e s  of r e a l  and a d i a b a t i c  t e m p e r a t u r e  g r a d i e n t s  y and 
yg a c c o r d i n g  t o  C377-J. 
€31 5 Ri*; and below 40  - 45 km Ri >> Ri* -- which agrees w i t h  t h e  
observed  c h a r a c t e r  o f  t h e  f l u c t u a t i o n s .  

A s  we see,  a t  a l t i t u d e s  o f  4 6  - 53 km, 

IV.7. On t h e  n a t u r e  and s t r u c t u r e  of t h e  c l o u d s  

The problem of t h e  Venusian c l o u d s  c o n t i n u e s  t o  be e x t r a -  
o r d i n a r i l y  complex and e x t r e m e l y  i n t e r e s t i n g .  

The b a s i c  s o u r c e  of i n f o r m a t i o n  a b o u t  t h e  c l o u d s  a t  p r e s e n t  
i s  the  o p t i c a l  c h a r a c t e r i s t i c s  o f  t h e  p l a n e t ,  as observed  f r o m  



E a r t h ,  data on a t m o s p h e r i c  s t r u c t u r e ,  and t h e  r e s u l t s  o f  l i g h t  
measurements on Venera-8. Chapter V examines t h e  o p t i c a l  c h a r a c -  
t e r i s t i c s  o f  Venus on t h e  basis  o f  ground o b s e r v a t i o n s  and t h e  
r e s u l t s  of  l i g h t  measurements.  It a l s o  g i v e s  estimates of t h e  
expec ted  parameters of t h e  c l o u d s ,  parameters s a t i s f i e d  b y  models 
tha t  i n t e r p r e t  t h e  e x p e r i m e n t a l  data.  Here we w i l l  deal  w i th  t h e  
problem of t he  c l o u d s  p r i m a r i l y  from t h e  s t a n d p o i n t  o f  examining 1182 

t h e  p o s s i b l e  components o f  t h e  
Venusian atmosphere.  

' t h e  a t t e n u a t i o n  of  s o l a r  r a d i a t i o n  ( c f .  S e c t i o n  V.3) and r a d i o  
astronomy data  C4641 have d e f i n i t e l y  r e p u d i a t e d  t h e  n o t i o n  t h a t  
there  i s  a s i g n i f i c a n t  d u s t  c o n t e n t  i n  t h e  a tmosphere .  

U n f o r t u n a t e l y ,  all 
, -. : , ,-e 3 a v a i l a b l e  data on o p t i c a l  

1 -  1 

I J "  ,- ,, dij.;iTk' c h a r a c t e r i s t i c s ,  chemica l  
(Jjj i <,h./iL composi t ion  o f  t h e  a tmosphere ,  

and t h e  a l t i t u d e  p r o f i l e s  
T ( h )  and P ( h )  do n o t  a l l o w  one 
t o  come t o  a n  unambiguous 
c o n c l u s i o n  about  t h e  composi- 
t i o n  o f  t h e  Venusian c l o u d s .  
U n t i l  r e c e n t l y ,  w a t e r  d r o p l e t s ,  
i c e  c r y s t a l s ,  and d u s t  have been 
mentioned as t h e  m o s t  p r o b a b l e  
components. Fur thermore ,  on 
t h e  b a s i s  of comparing l a b o r a -  
t o r y  s p e c t r a  of  v a r i o u s  s u b s t a n c e s  
w i t h  Venusian spec t ra ,  as 
wel l  as on t h e  b a s i s  o f  views 
that  have been e x p r e s s e d  a b o u t  

# I  

$4 

F i g .  6 7 .  Richardson  
number ( R i )  v s .  a l t i t u d e  -- f o r  
measured a t m o s p h e r i c  parameters. 

t h e  e f f e c t i v e n e s s  of t h e  d e g a s s i n g  p r o c e s s e s  o f  t h e  h o t  p l a n e t a r y  
s u r f a c e ,  t h e r e  have  been s u g g e s t i o n s  t h a t  t he re  a r e  more complex 

t h e  c l o u d  s t r u c t u r e  i s  h i g h l y  s t r a t i f i e d .  
I c o n d e n s a t e s  i n  s o l i d  and l i q u i d  phases  i n  t h e  atmosphere and t h a t  
I 

W e  n o t e  t h a t  as a r e s u l t  of t h e  e f f e c t i v e n e s s  of c o n v e c t i v e  
and t u r b u l e n t  p r o c e s s e s  a t  a l t i t u d e s  where c l o u d s  form, t h e  l o c a t i o n  
of  t h e i r  u p p e r  b o u n d a r i e s  and t h e  mixing r a t i o  of  t h e  components 
t h a t  undergo phase t r a n s i t i o n s  cannot  remain  unchanged -- as 
G i e r a s c h  and  Goody have p o i n t e d  o u t  C313-J. T h i s  c i r c u m s t a n c e  
c o u l d  make t h e  s t r u c t u r e  o f  Venus c l o u d s  even more complex. 

. 

a 



I 
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one begins  w i t h  t h e  p r o p o s i t i o n  t h a t  t he re  i s  a mesopause w i t h  a 
t e m p e r a t u r e  TM = 150OK as i s  i n d i c a t e d  by an a n a l y s i s  o f  t h e  
Mariner-5 measurements ( c f .  F i g .  5 7 ) ,  t h e n  a c e r t a i n  p o r t i o n  o f  
dry i c e  c o u l d  be p a r t  of the  c u s t o m a r i l y  assumed "haze" i n  t h e  -- /183 
topmost c l o u d s  o f  t h e  Venusian s t r a t o m e s o s p h e r e .  

The r e s u l t s  o f  comparing obse rved  and l a b o r a t o r y  s p e c t r a l  
c h a r a c t e r i s t i c s  r e p u d i a t e  any n o t i o n  o f  monomeric o r  p a r t i a l l y  
polymer ized  C 3 0 2 ;  t he re  a re  no we l l -man i fe s t ed  narrow minima i n  
the  a b s o r p t i o n  spec t rum of s o l i d  C3O2 a t  X = 2 . 2 7  and 2.67 pm,  n o r  
i s  there  a broad r e g i o n  of  i n t e n s e  a b s o r p t i o n  between A = 2 . 9  and 
3.4 pm [ 4 5 6 ] .  Moreover, t h e  e q u i l i b r i u m  vapor  p r e s s u r e  above 
C 02 c l o u d s  would s i g n i f i c a n t l y  exceed t h e  upper  s p e c t r o s c o p i c  l i m i t  03 gaseous  C3O2 c o n t e n t  ( c f .  Table  11). For t h e  same r e a s o n ,  
and a l s o  because  o f  t h e  absence  of  c h a r a c t e r i s t i c  i n d i c a t i o n s  i n  
t h e  Venusian spec t rum (e .g . ,  t h e  a b s o r p t i o n  r e g i o n  a t  A = 2 . 4  Vm 
[454])  and t h e  thermodynamic I n s t a b i l i t y  i n  a weakly-oxid iz ing  
medium, L e w i s  [399, 4001 r u l e s  o u t  hydrocarbons  and o t h e r  o r g a n i c  
compounds . 

I n  t h i s  regard, Surkov e t  a1 [153a]  assume t h a t  t h e r e  a r e  
h y d r a t e d  and anhydrous ammonium sa l t s  ( c a r b o n a t e s  and hydrocarbons) ,  
which condense a t  t e m p e r a t u r e s  below 33OoK and which are  a w h i t e  
s u b s t a n c e  w i t h  a r e f r a c t i v e  index  m = 1 . 5 3 ,  i n  t h e  c l o u d s .  Pure  
ammonium c l o u d s  a r e  i m p o s s i b l e ,  due t o  t h e  low s p e c t r o s c o p i c  l i m i t  
o f  NH3 c o n t e n t  and t h e i r  own low r e f r a c t i v e  i n d e x  which i s  
i n c o m p a t i b l e  w i t h  o b s e r v a t i o n s .  S t a r t i n g  from the a p p r o p r i a t e  
c h a r a c t e r i s t i c s  o f  a b s o r p t i o n  observed  i n  the  r e g i o n  A A  3 . 0  - 3 . 3  pm, 
Ku ipe r  [394]  has  s u g g e s t e d  ammonium c h l o r i d e  NHqC1. 
c r y s t a l s  are i n  even b e t t e r  agreement w i t h  Venusian s p e c t r a  i n  t h i s  
r ange ;  f u r t h e r m o r e ,  t h e  r e f r a c t i v e  i n d e x  f o r  NH4Cl i s  t o o  h i g h  
( m  = 1.61), and t h i s  does  n o t  agree a t  a l l  w i t h  t h e  estimates t h a t  
ensue  from p o l a r i m e t r i c  measurements ( c f .  S e c t i o n  V.3). 

S i l i c a t e s  and t h e  p r o d u c t s  of t h e i r  r e a c t i o n  w i t h  HC1 and 
HF a t  t e m p e r a t u r e s  T s 5 O O 0 K ,  as w e l l  as p a r t l y  h y d r a t e d  f e r r o u s  
chloride, have a l s o  been mentioned as o t h e r  p o s s i b l e  components 
o f  t h e  c l o u d s .  It i s  n o t  l i k e l y  t h a t  t h e y  a r e  i n d e e d  p r e s e n t ,  
inasmuch as the labora tory  cha rac t e r i s t i c s  of t h e  r e f l e c t i o n  of  
most o f  t hese  s u b s t a n c e s  i s  i n c o m p a t i b l e  w i t h  t h e  Venusian 
r e f l e c t  i o n  spec t rum.  

However, i c e  

I n  a d d i t i o n ,  i f  s i l i c a t e  d u s t  were p r e s e n t  a t  t h e  c l o u d  
t o p s ,  i t  would be d i f f i c u l t  t o  e x p l a i n  t h e  observed  c o l o r  
( " the  y e l l o w i s h  t i n t " )  of Venus [171, 1 7 2 1 .  Accept ing  t h e  
h y p o t h e s i s  t h a t  FeC12 hydra tes  E3941 are p r e s e n t  i n  t h e  c l o u d s  
would r e q u i r e  a n  H20 e q u i l i b r i u m  mixing  r a t i o  approx ima te ly  one 
o r  two o r d e r s  o f  magni tude less t h a n  t h e  s p e c t r o s c o p i c  estimate 
o f  water vapor c o n t e n t  i n  t h e  Venusian atmosphere. I n  a d d i t i o n ,  
Cruikshank and Thomson have concluded  t h a t  i d e n t i f y i n g  t h e  
f e a t u r e s  of the  spec t rum a t  abou t  1 pm, 0 .5 ,  and 0.39 u m  w i t h  t h e  
Fe2+ e l e c t r o n  band i s  unconv inc ing  C2571. 

/184 

137 



: I  _ _ .  , 

,', " 
, J  

a 

Fig. 68. The s t r u c t u r e  o f  t h e  
h y p o t h e t i c a l  c l o u d s  i n  a H, C ,  
N ,  0 ,  S, C1, F,  Hg sys tem f o r  
one o f  t h e  models a t  a p a r t i a l  
p r e s s u r e  P = 2.10-4 bar 
(accordingH!o [ 4 0 0 ) ) .  The 
s o l i d  l i n e s  a re  t h e  c l o u d s ;  
t h e  broken  l i n e  are  gases. 

2 Key: a. kg/cm 

d i f f e r e n t  chemica l  n a t u r e  e x i s t  

F i n a l l y ,  l e t  u s  r e c a l l  t h e  afore- 
mentioned (Sect ion IV. 6) h y p o t h e s i s  
a b o u t  t h e  e x i s t e n c e  of c o n d e n s a t e s  
o f  mercury and mercury -ha1 o gen 
compounds. F i g .  E8 shows t h e  
l o c a t i o n  o f  t h e  c o r r e s p o n d i n g  
layers  i n  t h e  Venusian atmosphere 
for one o f  t h e  models t h a t  
L e w i s  has exanined [400]. It i s  
i n t e r e s t i n g  t o  compare t h i s  w i t h  
t h e  c u r v e  i n  F i g .  6 4 ,  which /185 
approximates  a n  a l t i t u d e  p r o f i l e  
f o r  radio-wave a t t e n u a t i o n  i n  
t h e  Mariner-5 exper iment .  
Although t h i s  comparison appears 
t o  b e  r a the r  c o n v i n c i n g ,  and 
w h i l e  t h e  parameters o f  t h e  
mercury-halogen c l o u d s  ( p a r t i c l e  
s i z e  r = 2 0  pm, d e n s i t y  300 - 
400  cm-3) used i n  t h e  c a l c u l a t i o n s  
cor respond by and large t o  t h e  
c h a r a c t e r i s t i c s  of  a dense 
water c loud  on E a r t h ,  n e v e r t h e l e s s  
t h e i r  e x i s t e n c e  i n  t h e  Venusian 
atmosphere i s  ra ther  p r o b l e m a t i c .  

It would s e e r  n a t u r a l  t o  
examine t h e  most obvious  
p o s s i b i l i t y :  t h e  f o r m a t i o n  o f  
w a t e r - i c e  c l o u d s  on Venus. A 
s i z e a b l e  water vapor  c o n t e n t ,  
as de termined  froni t h e  r e s u l t s  o f  
gaseous  a n a l y s i s  on  ene eras-4, 
-5,  and -6 ( c f .  T a b l e  11) g i v e s  
r e a s o n  t o  assume t h a t  H20 
c l o u d s  and c o n d e n s a t e s  o f  a 

on Venus. F i g .  69a shows a phase 
diagram f o r  H20; t h i s  a l l o w s  one t o  es t imate  t h e  l e v e l s  o f  water 
v a p o r  c o n d e n s a t i o n  and t h e  e x t e n t  o f  w a t e r - i c e  c l o u d s  for v a r i o u s  
mixing r a t i o s  fH20. The dashed c u r v e  c o r r e s p o n d s  i n  c o o r d i n a t e s  
P-T t o  p r e s s u r e  and t e m p e r a t u r e  a l t i t u d e  p r o f i l e s  f o r  a model 
s t r a t o m e s o s p h e r e  w i t h  TM = 195OK. The d o t t e d - d a s h e d  l i n e  
c o r r e s p o n d s  t o  t h e  Mariner-5 measurements ( c f .  F i g .  5 7 ) .  A s  we 
see,  a t  a mixing r a t i o  o f  f H  0 = 10 -2  f o r  b o t h  a l t e r n a t i v e s  of  
s t r a t o r n e s o s p h e r i c  s t r u c t u r e ,  s o n d e n s a t  i o n  s h o u l d  b e g i n  a t  t e m p e r a t u r e  
T = 264OK and p r e s s u r e  P = 0.25 kg/cm2, i . e . ,  a t  a l e v e l  h 
A s  a l t i t u d e  i n c r e a s e s  and as ,  a c c o r d i n g l y ,  t e m p e r a t u r e  d e c r e a s e s ,  
v a p o r - i c e  phase t r a n s i t i o n s  s h o u l d  predominate  o v e r  vapor-water  
phase t r a n s i t i o n s  ( i f  one assumes t h a t  no s t r o n g l y  supe rcoo led  
d r o p l e t s  ( t h e o r e t i c a l l y  c a p a b l e  of  e x i s t i n g  i n  E a r t h  c o n d i t i o n s  up 
t o  a t e m p e r a t u r e  o f  - 4 O O C )  are  p r e s e n t  C1651) .  

59 km. 

I t  f o l l o w s  from F ig .  69a t ha t  i n  t h e  whole s t i p p l e d  r e g i o n  
between p o i n t s  1 and 2 t h e  c o n d i t i o n  e = E ( T )  i s  met, i . e . ,  t he  
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Fig .  698.  
and p r e s s u r e  measurements i n  c o o r d i n a t e s  P - T ( t h e  s o l i d  
c u r v e  w i t h  t h e  d o t s  i s  Venera data;  t h e  dashed l i n e  i s  t h e  
model s t r a t o m e s o s p h e r e  C991; t h e  dot ted-dahsed l i n e  i s  
Mariner-5 measurements;  t h e  narrow l i n e s  a r e  t h e  r e l a t i v e  c o n t e n t s  
of  water vapor  1% and 0 . 1 % ) .  The s t i p p l e d  r e g i o n  i s  t h e  
r e g i o n  o f  H20 c o n d e n s a t i o n  and s u b l i m a t i o n .  A t  p o i n t  1, T = 
2 6 4 O K ,  P = 0.25 kg/ m*, = 59 km. A t  p o i n t  2 ,  T = 1 9 8 O K ,  

Phase diagram of water and t h e  r e s u l t s  of t e m p e r a t u r e  

P = 1.40-10-5 k /cm 5 , h = 107 km. 
2.68.10-4 kg/cm F , h = 76 km. 

A t  p o i n t  3, T = 225OK,P = 

F i g .  6 9 b .  D i s t r i b u t i o n  of l i q u i d  w a t e r  c o n t e n t  (1) and water 
vapor  c o n t e n t  ( 2 )  v s .  a l t i t u d e  i n  t h e  Venusian a tmosphere  
a c c o r d i n g  t o  R i c h t e r  14713.  

Key: 1. kg/cm2 3. Venera AIS 
2 .  H20 vapor  p r e s s u r e  c u r v e  4 .  g/cm3 



e q u a l i t y  o f  p a r t i a l  water vapor  p r e s s u r e  e and t h e  p r e s s u r e  o f  
t h e  s a t u r a t i n g  vapor  E(T) o v e r  water o r  o v e r  i c e ;  t h e  t h i c k  l i n e  
1-2 c o r r e s p o n d s  t o  t h i s .  S u b l i m a t i o n  should  t h u s  o c c u r  up t o  a 
l e v e l  where t e m p e r a t u r e  T = 198OK and p r e s s u r e  1 . 4 . 1 0 - 5  kg/cm2, 
i . e . ,  up t o  a n  a l t i t u d e  o f  h = 1 0 0  kn i n  a l a y e r  more t h a n  40 km 
t h i c k .  It i s  p o s s i b l e  t o  assume, however, t h a t  t h e  e f f e c t i v e  e x t e n t  
of t h e  c l o u d s  i s  s u b s t a n t i a l l y  l e s s  ( =  1 0  km),  due t o  g r a v i t a t i o n a l  
p r e c i p i t a t i o n  of p a r t i c l e s  i n  a c c o r d  w i t h  S t o k e ' s  law, e s p e c i a l l y  
i n  t h e  upper  p a r t  o f  t h e  c l o u d ,  where t h e  p r e s s u r e  and a s c e n d i n g  
f lows  are  small. T h i s  a g r e e s  w i t h  n o t i o n s  about  t h e  b l u r r e d n e s s  
of  t h e  Venusian c l o u d  t o p s  -- which i s  well known from ground-based 
o b s e r v a t i o n s  [1171. L e t  us  n o t e ,  t o o ,  t h a t  t h e  a l t i t u d e  o f  t h e  
c l o u d  t o p s  which c o r r e s p o n d s  more o r  l e s s  t o  t h e  l e v e l  where  p r e s s u r e  
i s  a b o u t  0 . 0 5  atm has been i n d e p e n d e n t l y  confirmed by a s e r i e s  of 
o t h e r  a rguments ;  t h e s e  arguments  a r e  r e l a t e d  t o  t h e  i n t e r p r e t a t i o n  
o f  t h e  r e f l e c t i n g  c h a r a c t e r i s t i c s  o f  Venus and a re  examined i n  
d e t a i l  i n  works C119, 238, 4 6 1 ,  4791. 

I f  one b e g i n s  by  assuming t h a t  t h e  mixing r a t i o  i s  fH 0 = 10-3, 
t h e n  a c c o r d i n g  t o  t h e  phase  diagram i n  F i g .  69a ,  i n  t h e  fii*s$ c a s e  
(model d i s t r i b u t i o n ) ,  t h e  c o n d i t i o n  e = E ( T )  i s  n o t  m e t  a t  a l l ,  and 
i n  t h e  second c a s e  (Mariner-5 d a t a ) ,  it i s  m e t  o n l y  above that 
l e ' v e l  where t e m p e r a t u r e  and p r e s s u r e  are  T = 230°K, P = 6*10'2 gk/cm2, 
i . e . ,  b e g i n n i n g  from a l t i t u d e  67  km. From t h e  s t a n d p o i n t  o f  
c h o o s i n g  between t h e s e  p o s s i b i l i t i e s ,  F i g .  57 i s  q u i t e  c h a r a c t e r i s t i c :  
t h e  dashed l i n e  shows t h e  d i f f e r e n c e s  i n  v a l u e s  of  y a t  t h e  
t r a n s i t i o n  from a d r y  t o  a w e t  a d i a b a t i c  g r a d i e n t  and t h e  a b s o r p t i o n  
l i n e s  f o r  v a r i o u s  mixing r a t i o s  f H  0 .  The r a t h e r  a b r u p t  change i n  
t h e  measured t e m p e r a t u r e  p r o f i l e  a$ an a l t i t u d e  o f  a b o u t  59 km and 
i t s  tendency  toward a d r y  a d i a b a t  a r e  e v i d e n c e  t h a t  c o n d e n s a t i o n  
and s u b l i m a t i o n  b e g i n  a t  a mixing r a t i o  = 10-2; t h i s  i s  i n  agreement  
w i t h  t h e  Veneras-4 - -6 measurements o f  water vapor  c o n t e n t .  

The wet a d i a b a t i c  g r a d i e n t ,  w i t h  t h e  l a t e n t  heat o f  
e v a p o r a t i o n  s u b t r a c t e d ,  i s  u s u a l l y  w r i t t e n  as  ( c f .  [108]): 

where y i s  e x p r e s s e d  a c c o r d i n g  t o  ( IV.12)  and L = L(T) i s  t h e  

t r a n s i t i o n  and L = 6 9 0  c a l / g  f o r  v a p o r - i c e  t r a n s i t i o n ) .  I n  con- 
t r a s t  t o  E(T), L(T) i s  u s u a l l y  w e a k l y  dependent  on t e m p e r a t u r e .  

I l a t e n t  aeat  o f  phase  t r a n s i t i o n  (L 2 610 c a l / g  f o r  vapor-water  /188 

~ 

By e x p r e s s i n g  t h e  d e r i v a t i v e  dE/dT by t h e  Clausius-Clapeyron 
e q u a t i o n ,  and s u b s t i t u t i n g  t h e  known n u m e r i c a l  v a l u e s  o f  e n t r y  
v a l u e s ,  Obukhov and G o l i t s y n  [123] have o b t a i n e d  a SiKJplifled 
e x p r e s s i o n  f o r  e s t i m a t i n g  t h e  r o l e  o f  vapor-water  and v a p o r - i c e  
p h a s e  t r a n s i t i o n s ;  t h e  purpose  h e r e  i s  t o  d e t e r m i n e  how t h e  wet 
a d i a b a t i c  g r a d i e n t  v a r i e s  w i t h  a l t i t u d e  by e x t r a p o l a t i n g  above t h e  
l e v e l  where t h e  Venera measurements began: 
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T h e i r  computed v a l u e s  E/P for mixing r a t i o s  7.10-3 and 
10-3 a re  a l s o  i n  r a t h e r  good agreement  w i t h  t h e  e x p e r i m e n t a l l y -  
revealed b r e a k  i n  p r o f i l e  T ( h )  n e a r  t h e  condensa t ion  l e v e l  and w i t h  
i t s  c o u r s e  i n  t h e  c l o u d s  i f  fH20 = 7110-3. 

The s t i p p l e d  r e g i o n  between p o i n t s  1 - 2 i n  F i g .  69a c h a r a c -  
t e r i z e s  t h e  s p e c i f i c  m o i s t u r e  c o n t e n t  i n  t h e  l i q u i d  and s o l i d  
phases  (water c o n t e n t )  of  t h e  h y p o t h e t i c a l  H 2 0  c l o u d s ,  as de t e rmined  
from r e l a t i o n  

S u b s t i t u t i n g  t h e  c o r r e s  ond ing  v a l u e s  i v e s  a mean v a l u e  o f  w a t e r  
It i s  e a s f e r  t o  r e c o n c i l e  

t h e  l i m i t i n g  estimate o f  t h e  t g t a l  c o n t e n t  o f  l i q u i d  water g i v e n  i n  
IV.5 w i t h  t h e  v a l u e  Mo < 0.5.10-3. A s  a l r e a d y  n o t e d ,  a t  
a c loud  l a y e r  t h i c k n e s s f $  !HZ08-km C1231, Mo - < 0 .4  g/m3 
co r re sponds  t o  t h e  v a l u e  B o b t a i n e d .  

c o n t e n t  of Mo 2 0 . 6  g/m s a t  fH 0 = 10' 3 . 

On t h e  basis o f  a n  a n a l y s i s  o f  t h e  a b s o r p t i o n  of  r a d i o  
e m i s s i o n  on t h e  Mariner-5 r a d i o  t r a n s l u c e n c e  expe r imen t ,  R i c h t e r  
h a s  o b t a i n e d  i n t e r e s t i n g  r e s u l t s  c o n c e r n i n g  t h e  p o s s i b l e  s t r u c t u r e  / l 8 9  
o f  t h e  Venusian c l o u d  l a y e r  [471]. Comparing t h e  losses  and t h e  
r e f r a c t i v e  c o e f f i c i e n t  i n  t h i s  exper iment  w i t h  t h o s e  c a l c u l a t e d  
f o r  a 100% CO2 a tmosphere  and assuming t h a t  t h i s  d i f f e r e n c e  i s  
caused  by t h e  p r e s e n c e  o f  water vapor  and water d r o p l e t s ,  he 
separated these components and de termined  a l t i t u d e  profiles of  
t h e i r  c o n t e n t  ( F i g .  69b) .  The upper  l i m i t  o f  t h e  t o t a l  c o n t e n t  

-- 

of  water d r o p l e t s  was ~- 

B 5 0.35  g-cm-2 

which i s  c l o s e  t o  B 5 0 . 3  g-cm-3 de te rmined  by Kuz'min and 
Vetukhnovskaya C187-J. 

The h y p o t h e s i s  abou t  H 2 0  c l o u d s  e n c o u n t e r s  d e f i n i t e  
d i f f i c u l t i e s :  t h e  r e s u l t s  o f  o p t i c a l  ground-based o b s e r v a t i o n s .  Fo r  
t h i s  r e a s o n ,  t h e  p d s s i b i l i t y  of  w a t e r - i c e  Venusian c l o u d s  i s  s u b j e c t  
t o  s e r i o u s  doubt  [119 ,  183 ,  336, 4691. We shal l  review t h e  
p r i n c i p a l  o b j e c t i o n s  t o  t h i s  h y p o t h e s i s .  
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I n  a whole s e r i e s , o f  works,  t h e  p o s s i b i l i t y  o f  H 0 c l o u d s  
e x i s t i n g  on Venus has been r e p u d i a t e d  i n  c o n n e c t i o n  w i t 2  t h e  a lmos t  
comple te  absence  o f  t he  d e p r e s s i o n s  i n  bands A = 1 . 5  and 2.0 pm 
c h a r a c t e r i s t i c  o f  i c e  i n  t h e  p l a n e t a r y  spec t rum.  

Kuiper  [388, 389, 391, 3921 has o b t a i n e d  Venusian r e f l e c t i o n  
s p e c t r a  w i t h  a r e s o l u t i o n  of = 2 0  cm-1 f rom a h igh  a l t i t u d e  
a i r p l a n e  and has c a s t  doubt  on t h e  e a r l i e r  f i n d i n g s  o f  Bottema 
e t  a1 [ 2 2 0 ] ,  who had found such  d e p r e s s i o n s  i n  s p e c t r a  w i t h  a 
much lower r e s o l u t i o n  o b t a i n e d  from a h i g h - a l t i t u d e  b a l l o o n .  The 
i d e n t i f i c a t i o n  of  t h e s e  s p e c t r a l  c h a r a c t e r i s t i c s  i s  n o t  a n  e a s y  
task because  of t h e  i n f l u e n c e  o f  s t r o n g  carbon d i o x i d e  a b s o r b i n g  
bands i n  t h e  same r e g i o n s ,  e s p e c i a l l y  n e a r  A = 2 . 0  pm ( t h e  t r i a d  
o f  CO, bands ,  c f .  F i g .  7 1 a ) .  Sagan and P o l l a c k  [461, 4 7 9 1  used  t h e  
r e s u l t s  o f  s o l v i n g  t h e  e q u a t i o n  of r a d i a t i v e  t r a n s f e r  u s i n g  t h e  
Schus te r -Schwarzsch i ld  approx ima t ion  t o  do a d e t a i l e d  a n a l y s i s  
o f  t h e  r e f l e c t i o n  spec t rum of a mediurr. i n  which m u l t i p l e  a n i s o t r o p i c  
s c a t t e r i n g  takes p l a c e .  They concluded  t h a t  i t  i s  p o s s i b l e  t o  a t t r i b u t e  
t h e  small minima i n  t h e  spec t rum a t  1 . 5  and 2 . 0  u r n t o r e f l e c t i o n  
f rom i c e  c l o u d s  and o n l y  p a r t l y  t o  a b s o r p t i o n  i n  CO bands o c c u r r i n g  
i n  t h e  a tmosphere  above t h e  c l o u d s .  
favor o f  ice c r y s t a l s :  the v e r y  weak reflection t h r o u g h o u t  t h e  
r e g i o n  A A  3 . 0  - 3 .3  pm. I c e  has a fundamenta l  a b s o r p t i o n  band 
c e n t e r e d  a t  A = 3 .1  pm. 

They a l s o  n o t e 5  e v i d e n c e  i n  /190 

By s t u d y i n g  t h e  l a b o r a t o r y  r e f l e c t i o n  s p e c t r a  of  i c e  c r y s t a l s  
o f  v a r i o u s  s i z e  ( w i t h  v a r y i n g  d e g r e e s  o f  d i s p e r s i o n )  i n  t h e  
s p e c t r a l  i n t e r v a l  0 . 9  - 3.4 pm, Plummer C454)  has concluded  t h a t  
t h e  d e p r e s s i o n s  a t  1 . 5  and 2 . 0  pm i n  t h e  Venusian s p e c t r u m  can  b e  
caused  by i c e  p a r t i c l e s  w i t h  a c h a r a c t e r i s t i c  s i z e  r 2 .  T h i s  
c o n c l u s i o n  was made on one r a t h e r  s t r o n g  c o n d i t i o n ,  namely, t h a t  
t h e  o p t i c a l  t h i c k n e s s  of t h e  i c e  c l o u d  i s  f C  = 1 0 .  
K u i p e r ' s  s p e c t r o g r a m s ,  Plummer a l s o  assumed [455]  t h a t  a d e f i n i t e  
underestimation of  t h e  magnitude of t h e  d e p r e s s i o n  w a s  p o s s i b l e  -- 
i f  as a compar ison  spec t rum t h e  spec t rum of  t h e  Moon's r e f l e c t i o n  
i s  u s e d ,  s i n c e  t h e  Moon i s  n o t  a gray r e f l e c t o r .  I n  h i s  estimates,  
t h e  d e g r e e  o f  CO a b s o r p t i o n  a t  h = 1 . 9 3  pm and a t  A = 2 .05  pm 
d i f fe rs  by 1 4  a n 5  30$, r e s p e c t i v e l y ,  f rom t h e  minimum t h a t  Kuiper  
o b s e r v e d  i n  the Venusian spec t rum.  T h i s  b r i n g s  t h e  measured 
c h a r a c t e r  o f  a b s o r p t i o n  on Venus c l o s e r  t o  i c e  c l o u d s .  

I n  i n t e r p r e t i n g  

The r e s u l t s  of  t h e  t h e o r e t i c a l  a n a l y s i s  done by Hansen and 
Cheyney [333, 3341 u s i n g  n u m e r i c a l  methods can  agree w i t h  c o n c e p t i o n s  
abou t  t h e  w a t e r - i c e  makeup o f  t h e  v i s i b l e  c l o u d s  on ly  i f  a n  
approx ima te ly  2 0 %  d e p r e s s i o n  i n  t h e  cont inuum A = 2 . 0  urn e x i s t s ,  
and o n l y  i f  i t  i s  assumed t h a t  -rC = 10 .  
r e s u l t s  o f  numer i ca l  c a l c u l a t i o n s  ( u s i n g  a method of s t a t i s t i c a l  
a n a l y s i s ;  Krekova e t  a1 [560]) of  t h e  s p e c t r a l  a l b e d o  i n  t h e  
n e a r  i n f r a r e d  r e g i o n  ( 1 . 4  p m  A 3 . 2  pm)  f o r  a c loud  l a y e r  w i t h  
T ,< 1 0  lel- t h e  a u t h o r s  t o  t h e  c o n c l u s i o n  t h a t  i n  t a k i n g  accoun t  OF t h e  C O K ~  ned  e f f e c t  of m u l t i p l e  s c a t t e r i n g  and a b s o r p t i o n  due t o  
i c e  p a r t i c l e s  and a l s o  C 0 2  a b s o r p t i o n ,  i t  i s  t h e  l a t t e r  t h a t  has 

A t  t h e  same t ime, t h e  
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t h e  fundamental  i n f l u e n c e  on t h e  f o r m a t i o n  o f  bands A X  1 . 5 v m a n d  
2 . 0  pm; a n  i n c r e a s e  i n  T~ has c o m p a r a t i v e l y  l i t t l e  e f f e c t .  Hence, 
t h e y  m a i n t a i n  t h a t  t h e  i c e  p a r t i c l e  h y p o t h e s i s  a t  l ea s t  d o e s  n o t  
c o n t r a d i c t  t he  measured spectrum o f  t h e  p l a n e t  ( w i t h  a v e r a g i n g  a t  
i n t e r v a l s  o f  A A  = 0.05  pm) . 

The e x t r e m e l y  low water  vapor  c o n t e n t  n e a r  t h e  c l o u d  t o p s  /191 
( t h e  r e g i o n  t o  which s p e c t r o s c o p i c  and p o l a r i m e t r i c  m a s u r e m e n t s  
r e f e r )  i s  e v i d e n c e  a g a i n s t  t h e  i c e - c l o u d  h y p o t h e s i s  .18 It s h o u l d  
b e  kep t  i n  mind, o f  c o u r s e ,  t h a t  t h e r e  i s  u n c e r t a i n t y  i n  e s t i m a t i n g  
t h e  l o c a t i o n  of  t h e  a tmospher ic  l e v e l  t o  which t h e  a l b e d o  of  Venus 
be longs  i n  t h e  continuum o f  t h e  n e a r  i n f r a r e d  r e g i o n  o f  t h e  spec t rum,  
and t h a t  there  are  d i f f i c u l t i e s  i n  e x p l a i n i n g  t h e  observed  p h a s e  
dependence of  i n d i v i d u a l  a b s o r p t i o n  l i n e s .  It i s  p o s s i b l e  t o  
r e c , o n c i l e  a r e d u c t i o n  i n  t e m p e r a t u r e  t o  160 - 180°K w i t h  a 
r e d u c t i o n  o f  H20 mixing r a t i o  down t o  magnitudes o f  10-6 - 10-7, 
which c o r r e s p o n d  t o  s p e c t r o s c o p i c  data, p r o v i d e d  t h a t  t h e s e  es t imates  
are  f o r  l e v e l s  w i t h  a t e m p e r a t u r e  of about  6 0 O ~  lower  t h a n  t h e  
customary estimates of t h e  t e m p e r a t u r e  of  H 2 0  a b s o r p t i o n  l i n e  
f o r m a t i o n .  T h i s ,  however, i s  h a r d l y  l i k e l y  [ 1 1 9 ,  5513. The 
assumpt ion  o f  a homogeneous s c a t t e r i n g  medium, i n  p a r t i c u l a r ,  
s c a r c e l y  a f f e c t s  t h e  a l t i t u d e  of  t h e  l e v e l ,  a l t h o u g h  i t  i s  q u i t e  
c l e a r  from F i g .  57 tha t  t h e r e  i s  a ra ther  anomalous a t m o s p h e r i c  
s t r u c t u r e  a t  a l t i t u d e s  o f  about  60  - 8 0  k m ,  whereas p r o f i l e s  T ( h )  
a r e  o b t a i n e d  by  a v e r a g i n g s  o v e r  s p a t i a l  d imens ions  o f  s e v e r a l  
hundred k i l o m e t e r s ,  which i s  connec ted  t o  t h e  methodology of 
measurements [305].  (One of t h e  p o s s i b l e  r e a s o n s  f o r  t h e  b e h a v i o r  
of t h e  c u r v e  T ( h )  i s  t ha t  t h e  c l o u d s  are n o t  c o n t i n u o u s  b u t  w i t h  
s i g n i f i c a n t  b r e a k s ,  i . e . ,  i r r e g u l a r  c l o u d  s t r u c t u r e  w i t h i n  t h e  
bounds of a s p h e r i c a l  l a y e r  of  20 km t h i c k n e s s ) .  

According t o  p o l a r i m e t r i c  o b s e r v a t i o n s ,  t h e  r e f r a c t i v e  i n d e x  
a t  t h e  c l o u d  t o p s  ( m  = 1 . 4 4  t 0 . 0 2 )  d i f f e r s  s u b s t a n t i a l l y  from t h e  
r e f r a c t i v e  I n d e x  f o r  i c e  and-water d r o p l e t s  ( m  = 1.31 - 1 . 3 3 ) .  A n  
i n c r e a s e  i n  m may b e  caused  by aqueous s o l u t i o n s  of  s e v e r a l  
compounds p r e s e n t  i n  t h e  Venusian a tmosphere .  Lewis [402]  has 
s u g g e s t e d  tha t  t h e  c louds  and h a z e  are enr iched  w i t h  an aqueous 
s o l u t i o n  o f  HC1. A s  a n  a n a l y s i s  o f  c o r r e s p o n d i n g  p h a s e  d iagrams of  
s t a t e  shows, s p e c t r o s c o p i c a l l y  de te rmined  e q u i l i b r i u m  c o n t e n t s  /192 
of HC1 and H20 i n  t h e  gaseous  p h a s e  a r e  m e t  by a 6-molar aqueous 
H C 1  s o l u t i o n  (25% c o n c e n t r a t i o n  by  w e i g h t )  a t  a t e m p e r a t u r e  of  
about  200°K above t h e  s o l u t i o n .  F i g .  70  shows t h e  i s o p l e t h s  of  
t h e  r e f r a c t i v e  i n d e x  of a n  HC1 s o l u t i o n  vs.  t e m p e r a t u r e  and concen- 
t r a t i o n  by  weight ;  t h e s e  are a c c o r d i n g  t o  l a b o r a t o r y  measurements and 
t h e  r e s u l t s  o f  c a l c u l a t i o n s  a c c o r d i n g  t o  t h e  Lorentz-Lorem 
e q u a t i o n  a t  low t e m p e r a t u r e s .  If the re  i s  a 25% HC1 s o l u t i o n  

l8 It i s  i n t e r e s t i n g  t o  n o t e  t h a t  t h e  amount o f  p r e c i p i t a t e d  water 
a t  l e v e l  T 
d e t e c t i o n  l e v e l ,  t u r n s  o u t  t o  b e  a b o u t  40 times smaller t h a n  t h e  
amount o f  H20 r e c o r d e d  i n  t h e  atmosphere of Mars a t  a much l o w e r  
t e m p e r a t u r e  T = 210'K ( c f .  [487a] ) .  

= 25OoK,  which c o r r e s p o n d s  a p p r o x i m a t e l y  t o  t h e  H 2 0  



and i f  T 200°K, t he  r e f r a c t i v e  index  m 3 1 . 4 2  i s  very  c l o s e  t o  
t h e  v a l u e  o b t a i n e d  f o r  Venus. 

F ig .  7 0 .  I s o p l e t h s  of t h e  r e f r a c t i v e  
i n d e x  o f  a n  aqueous H C 1  s o l u t i o n  v s .  
t e m p e r a t u r e  and c o n c e n t r a t i o n  by  
weight ( a c c o r d i n g  t o  C4021) .  

Key: a .  I c e  
b .  HC1 c o n c e n t r a t i o n  by 

weight  

The s p e c t r a l  c h a r a c t e r -  
i s t i c s  o f  a n  aqueous H C 1  
s o l u t i o n  a t  T = 2 O 5 O K  a r e  
i n  good agreement w i t h  t h e  
Venus spec t rum between 3 
and 4.5 urn ( c f .  F i g .  71) 
and d i f f e r  l i t t l e  from 
t h e  H 0 spectrum. S l i g h t  
v a r i a g i o n s  i n  t h e  n e a r  
u l t r a v i o l e t  r e g i o n  w i t h  
t h e  a d d i t i o n  of H C 1  c o u l d  
be e x p l a i n e d  by t h e  
p resence  of hydroxonic  
a c i d  i o n s  H O+ [ 3 3 8 ] , 1 9  
i o n s  t h a t  have a broad 
a b s o r p t i o n  band i n  t h e  
r e g i o n  X A  3 - 5 urn and i n  
a l o n g e r  wavelength  r a n g e .  
The r e q u i r e d  t e m p e r a t u r e ,  
however, i s  much lower t h a n  
t h e  t erripera t u r e  o f spec  t r a1 
l i n e  f o r m a t i o n  T = 250°K, 
a l t h o u g h  t h e  p r e s e n c e  of  
H30+ cou ld  i n  p r i n c i p l e  
l e a d  t o  a change i n  t h e  
i n t e n s i t y  of t he  r o t a t i o n a l  
l i n e s  i n  t h e  C 0 2  bands ,  
as w e l l  as t o  a c e r t a i n  
d i f f e r e n c e  between measured 
t e n p e r a t u r e  and t e m p e r a t u r e  
on t h e  emis s ion  l e v e l .  

/193 

T h e s e  h y p o t h e t i c a l  components o f  t h e  Venusian c l o u d s  have 
a l l  had s e r i o u s  drawbacks; however, t h i s  can  be overcome w i t h i n  
t h e  framework o f  a h y p o t h e s i s  abou t  a c o n c e n t r a t e d  ( 2  75 - 8 0 % )  
aqueous s o l u t i o n  o f  s u l f u r i c  a c i d .  

It i s  a p p r o p r i a t e  t o  p o i n t  o u t  t h a t  from t h e  p o i n t  of view o f  

Both S i l l  [498]  and A .  Young 

t h e o r y ,  e l e c t r o l y t i c  d i s s o c i a t i o n  o f  a c i d  ( H A )  i s  t h e  name f o r  
a compound t h a t  d i s s o c i a t e s  i n  an  aqueous s o l u t i o n  t o  f o r m  h y d r a t e d  
i o n s  (hydroxonic  i o n s )  and an  a c i d  residuum: HA + H20 $ H30 t 
A'(H20),  [227a].  
of a c i d s .  The p r o t o n  exchange o f  a c i d  w i t h  water c o n s i s t s  i n  t h e  
f a c t  t h a t  a c i d  can  detach Ht p r o t o n s ,  w h i l e  water combines w i t h  
them t o  form a n  Ii30+ i o n .  I n  aqueous s o l u t i o n s ,  t h e r e f o r e ,  there  are  
no f r e e  p r o t o n s ,  on ly  hydroxonic  i o n s  and s o l v a t e d  molecu le s  o f  
water. For  example 

The H30+ i o n  a l s o  has a l l  t h e  g e n e r a l  p r o p e r t i e s  

I l l 1  11.0 I 1 0  I1 , 
l l ' . l \  [ ! ' I  - I !  I -,I! 

1':) 11.1) - - I f . . i l  ( 1 ' :  ( d i s s o c i a t i o n  of w a t e r )  
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[ 5 5 0 ]  have v e r y  r e c e n t l y  o f f e r e d  t h i s  most e x o t i c  h y p o t h e s i s .  
P o l a r i m e t r i c  and s p e c t r o m e t r i c  data  a r e  e x p l a i n e d  by t h i s  h y p o t h e s i s ;  
and i t  i s  f a v o r e d  by a number o f  chemical  arguments .  

The r e f r a c t i v e  i n d e x  of H SO c l o u d s  ( 1 . 4 4 2  t 0 . 0 0 1 )  
c o r r e s p o n d s  t o  t h a t  de te rmined  f o r  2 Q  enus .  S i n c e  the f r e e z i n g  p o i n t  
f o r  s u l f u r i c  a c i d  h y d r a t e s  i s  a b o u t  235  - 250°K, t h i s  e x p l a i n s  
why t h e  c l o u d  p a r t i c l e s  n e a r  t h e  c l o u d  t o p s  r e t a i n  t h e i r  l i q u i d -  
d r o p l e t  s ta te ;  t h i s  i s  i n d i c a t e d  i n  p o l a r i m e t r i c  o b s e r v a t i o n s .  * O  
The remarkable  d e s s i c a t i n g  p r o p e r t i e s  o f  H2S04 e a s i l y  e x p l a i n  
t h e  r e a s o n  f o r  t h e  , e x t r a o r d i n a r i l y  l o w  a t m o s p h e r i c  humidi ty  
r e c o r d e d  above t h e  c loud  l a y e r .  Thus, t h e  w a t e r  vapor  p r e s s u r e  
o v e r  a 75% s o l u t i o n  of s u l f u r i c  a c i d  i s  a b o u t  1%. From t h i s  p o i n t  
o f  view, n i t r i c  and p h o s p h o r i c  a c i d  are  f a r  less  s u i t a b l e  a g e n t s ,  
s i n c e  t h e y . h a v e  no chemical  a f f i n i t y  w i t h  water; f u r t h e r m o r e ,  
t h e y  have a markedly d i f f e r e n t  r e f r a c t i v e  i n d e x  a t  T = 25O0K. 

/19h 

A 

a 

b 

F i g .  71a. Venusian r e f l e c t i o n  spec t rum ( R A )  i n  t h e  r e g i o n  1 - 
4 pm i n  comparison w i t h  t h e  s p e c t r a l  c h a r a c t e r i s t i c s  o f  
w a t e r ,  i c e ,  mercury,  f e r r o u s  c h l o r i d e ,  ammonium c h l o r i d e  and 
aqueous s o l u t i o n s  of s u l f u r i c  and h y d r o c h l o r i c  a c i d  ( a c c o r d i n g  
t o  C464al) .  

Key: a. R e l a t i v e  r e f l e c t i o n  d .  I c e  
b .  pm 
c .  L i q u i d  

*' The s p h e r i c i t y  and homogeneity of  c l o u d  p a r t i c l e s  r e s u l t s  from 
t h e  f a c t  t h a t  t h e  rainbow i s  c l e a r e r  w i t h  a t r a n s i t i o n  t o  a 
s h o r t e r  wavelength r e g i o n  o f  t h e  s p e c t r u m  [337].  
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A number o f  s p e c t r a l  c h a r a c t e r i s t i c s  of Venus p r o v i d e  
I n  p a r t i c u l a r ,  t h e  s h a r p  e v i d e n c e  i n  f a v o r  o f  H SO4 c l o u d s .  

d e c r e a s e  i n  r e f l e c t i v i f y  i n  t h e  s p e c t r a l  r e g i o n  X A  3 .2  = 3 .6  I.cm 
and t h e  emis s ion  spec t rum i n  t h e  r e g i o n  7 - 1 4  u m ,  e s p e c i a l l y  
t h e  wide d e p r e s s i o n  a t  h = 1 1 . 2  v m ,  are i n  s a t i s f a c t o r y  agreement  
w i t h  t h i s  p r o p o s i t i o n .  F i g s .  71a and 71b r ep roduce  t h e  f e a t u r e s  /195 
o f  t h e  Venusian spec t rum i n  these areas i n  comparison t o  
l a b o r a t o r y  s p e c t r a l  c h a r a c t e r i s t i c s  of  H2S0 
compounds. 
o f  t h e  s p e c t r a l  a l b e d o  o f  Venus i n  t h e  n e a r  i n f r a r e d  r e g i o n ;  
P o l l a c k  e t  a1 C464a-J made these  measurements from a h i g h  a l t i t u d e  
a i r p l a n e  and u s i n g  a s p e c t r o m e t e r  w i t h  a c i r c u l a r  i n t e r f e r e n c e  
f i l t e r  and a c o o l e d  ( t o  7 7 O K )  PbS d e t e c t o r  a s  a r e c e i v e r .  A n a l y s i s  
o f  t h e s e  s p e c t r a  l e d  t h e  a u t h o r s  t o  t h e  c o n c l u s i o n  t h a t ,  o f  a l l  t h e  
s u b s t a n c e s  examined, a 75% H,s04 s o l u t i o n  i s  i n  t h e  bes t  agreement  
w i t h  t h e  r e f l e c t i n g  c h a r a c t e r i s t i c s  o f  Venus i n  t h e  3 urn band. 
The d e p r e s s i o n s  a t  A A  1.4, 1 . 6 ,  2 . 0  and 2.8 urn a r e  e x p l a i n e d  by  
C 0 2  a b s o r p t i o n .  
i s  i n  good agreement  w i t h  t h e  e s t i m a t e  t h a t  Kuiper e t  a1 ( c f .  [555])  
o b t a i n e d  p r e v i o u s l y .  Such f e a t u r e s  do n o t  appea r  i n  a l a b o r a t o r y  
H SO4 spec t rum,  b u t  P o l l a c k  e t  a1 [5831 n o t e  t h e  p o s s i b i l i t y  t h a t  
t i e r e  a r e  a d m i x t u r e s  d i s s o l v e d  i n  a c i d ,  s p e c i f i c a l l y  i r o n  i n  t h e  
form of t h e  t r i v a l e n t  i o n  Fe3+ ( p r e s e n t  i n  s a l t  s o l u t i o n s ) ,  w i t h i n  
the  c l o u d s .  I n  o r d e r  t o  e x p l a i n  t h e  obse rved  s t r o n g  r e d u c t i o n  of  
t h e  Venusian s p e c t r a l  a l b e d o  i n  u l t r a v i o l e t  and t o  e x p l a i n  t h e  
y e l l o w  t i n g e  o f  t h e  c l o u d s ,  Hapke [338] h a s  o f f e r e d  a similar 
h y p o t h e s i s  w i t h  regard t o  h y p o t h e t i c a l  c l o u d s  e n r i c h e d  w i t h  an 
H C 1  s o l u t i o n .  

hydra tes  and o t h e r  
F i g .  71a c o n t a i n s  t h e  r e s u l t s  o r  r e c e n t  measurements 

The measurements show t h a t  R A  = 2.0/Rx = 1.0 = 1.6 

I The p r e s e n c e  of H2S04 i s  o f  i n t e r e s t  a l s o  as a p o s s i b l e  /196 
e x p l a n a t i o n  f o r  t h e  p e c u l i a r i t i e s  no ted  i n  t h e  b e h a v i o r  o f  
measured c u r v e s  T ( h )  and p ( h )  and i n  t h e  c h a r a c t e r  o f  radio-wave 
a t t e n u a t i o n .  S p e c i f i c a l l y ,  t h e  d i s c h a r g e  of  a l a r g e  q u a n t i t y  o f  
heat  during t h e  f o r m a t i o n  o f  s o l u t i o n s  i n  t h e  l o w e r - l y i n g  atmosphere 
and a t  a n  f H  0 t h a t  c o r r e s p o n d s  t o  t h e  d a t a  of d i r e c t  measurements 
s h o u l d  r e s u l g  i n  a d i f f e r e n c e  between t h e  t e m p e r a t u r e  p r o f i l e  
and t h e  a d i a b a t i c  t h a t  i s  more pronounced t h a n  i n  t h e  c a s e  of  a 
wet adiabat.  The amount of s u l f u r i c  a c i d  needed t o  form a dense  
c l o u d  l aye r  i s  n o t  l a r g e ;  and i t  i s  i n  agreement w i t h  t h e  r e l a t i v e  
abundance of s u l f u r  i n  t h e  u n i v e r s e  as  w e l l  as w i t h  i t s  e x p e c t e d  
a p p e a r a n c e  i n  t h e  a tmosphere  from t h e  i n t e r i o r  t h r o u g h  v o l c a n i c  
e r u p t i o n s .  It  i s  d i f f i c u l t  o t h e r w i s e  t o  r e c o n c i l e  t h e  e x t r e m e l y  
low upper  l i m i t  o f  t h e  c o n t e n t s  of sulfur compounds w i t h  t h e  
data  i n  Table  11. A t  t h e  same t ime,  t h e  breakdown o f  s u l f a t e s  a t  
h i g h  t e m p e r a t u r e s  i n  t h e  p r e s e n c e  o f  H C 1  cou ld  p r e v e n t  them f rom 
b e i n g  used  up i n  t h e  a tmosphere  as  t h e y  combine i n  r e a c t i o n s  w i t h  
s u r f a c e  r o c k s  L5501.  

A t  a 7 6 %  c o n c e n t r a t i o n  a t  a l e v e l  where F = 50 mbar ,  T = 1 
Kould a s s u r e  a uni form l a y e r  of  d r o p l e t s  2 . 2  pm i n  d iameter .  I n  
t h i s  c a s e  t h e  r e q u i r e d  quan i t y  of  H SO4 i s ,  a c c o r d i n g  t o  Young’s 
estimates,  abou t  0 .29  mg/cm’ or, w i t 2  r e s p e c t  t o  C 0 2  c o n t e n t ,  

I 
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F i g .  71b. Spectrum o f  Venus' own 
i n f r a r e d  r a d i a t i o n  i n  t h e  7 - 1 4  pm 
r e g i o n  i n  comparison w i t h  s o l i d  a n d  
l i q u i d  h y d r a t e s  of  H S o b :  1. 100% 
s o l i d  H 2 S O 4 ;  2 .  84.5% s o l i d  H2S04-H 0; 
3'. 73.15% s o l i d  H2SOq-2H20; 4 .  
H 2 S 0 4 . 4 H 2 0 ;  5 .  1 0  pm, 78 .5% l i q u i d  
H2SO4 C5501. 

5 7 . f %  

2.3.10-6.  If one assumes 
c o n s t a n t  ratios by weight  
of  H 0 and H 2 S 0 4  below 
t h e  l e v e l  o f  t h e  v i s i b l e  
c l o u d s ,  and i f  one assumes 
t h a t  99% of  t h e  water 
a t  t h i s  l e v e l  i s  com- 
pounded w i t h  s u l f u r i c  
a c i d ,  t h e n  a t  fH 0 = 10-3 
H ~ S O ~  c o n t e n t  t u 6 n s  o u t  
t o  be abou t  t h r e e  o r d e r s  
of magni tude l a r g e r .  The 
u n c e r t a i n t y  i n  t h i s  
r e g a r d  i s  r e l a t e d  t o  t h e  
f a c t  t h a t  e s t i m a t e s  v a r y  
wide ly  abou t  t h e  e x t e n t  
(which depends on t h e  
i n t e n s i t y  o f  t h e  mixing 
p r o c e s s )  t o  which t h e  
d r o p l e t s  p r e c i p i t a t e .  

I n  a l a r g e  c loud ,  
t h e  amount o f  water 
shou ld  i n c r e a s e  w i t h  
d e p t h  due t o  t h e  r e l e a s e  
o f  compounded water from 
t h e  d r o p l e t s  o f  t h e  
s o l u t i o n  as t e m p e r a t u r e  
i n c r e a s e s ;  t h i s  would 
l e a d  t o  a change i n  t h e  
c o n c e n t r a t i o n  o f  t h e  

H2S04 s o l u t i o n .  
e x t e n t  of t h e  c l o u d s  depend i n  t u r n  on t h e  t o t a l  w a t e r  c o n t e n t  i n  
t h e  atmosphere. Estimates of the equilibrium relation between the 
gas phase and t h e  c l o u d  d r o p l e t s  a t  v a r i o u s  l eve l s  i n  t h e  atmosphere, 
w i t h  c o n s t a n t  f u n c t i o n s  o f  H 2 S O 4  and H 0 by weight  a t  e v e r y  l e v e l ,  
are  shown in Fig. 72 a c c o r d i n g  t o  [ 5 5 0 ? .  
a l l  t h e  w a t e r  a t  T = 273OK i s  s t i l l  c o n c e n t r a t e 8  i n  d r o p l e t s ,  2nd 
t h e  76% H 2 S ? 4  s o l u t i o n  co r re sponds  t o  t h e  e q u i l i b r i u m  vapor  p r e s s u r e .  
The c l o u d s  i n  t h i s  c a s e  cou ld  ex tend  t o  t h e  b o i l i n g  p o i n t  a t  T = 
5 3 3 O K  and P = 1 4  a t m  ( h  = 26 km); an - 98 .3% H 2 S 0 4  s o l u t i o n  
c o r r e s p o n d s  t o  t h i s  l e v e l .  If f 
by weight  even  a t  T = 2 5 0 ° K  shouya be  no l ess  t h a n  85% (which i s  
l e s s  compa t ib l e  w i t h  p o l a r i m e t r y  da t a ) ,  w h i l e  t h e  lower  boundary 
t u r n s  o u t  t o  be a t  l e v e l  T = 3 7 3 O K  and P = 2 . 4  atm ( h  = 44 km). 

10-4, t h e  c l o u d s  shou ld  end n e a r  h = 35 km, F i n a l l y  , 
where a s t r o n g  change i n  t h e  c h a r a c t e r  of a t t e n u a t i o n  o f  s o l a r  
r a d i a n t  energy  v s .  d e p t h  has been r e v e a l e d  (from Venera-8 da t a )  
( c f .  Chap te r  V ) .  

t h e  n o t i o n  t h a t  t h e  v i s i b l e  c louds  could  c o n s i s t  o f  c o n c e n t r a t e d  
a c i d  s o l u t i o n s ,  p r i m a r i l y  H2S04. N e v e r t h e l e s s ,  a more d e t a i l e d  

Both t h e  c o n c e n t r a t i o n  of  t h e  s o l u t i o n  and t h e  

If fH 0 = 10-3, n e a r l y  /197 

0 = 10-5, t h e n  t h e  c o n c e n t r a t i o n  

with f H 2 a  = 

Thus ,  a ser ies  of  data p r o v i d e  d e f i n i t e  e v i d e n c e  i n  f a v o r  o f  /198 
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a n a l y s i s  o f  t h i s  i n t e r e s t i n g  q u e s t i o n  i s  n e c e s s a r y ,  and,  o f  c o u r s e ,  
d i r e c t  e x p e r i m e n t a t i o n  as w e l l ,  b e f o r e  we can draw more d e f i n i t e  
c o n c l u s i o n s  a b o u t  t h e  cornposdtion of  t h e  Venusian c l o u d s .  

F i g .  7 2 .  Diagram of  t h e  
e q u i l i b r i u m  s t a t e  of  H 2 S 0 4  
c o n d e n s a t e  from t h e  g a s  
p h a s e  a t  v a r i o u s  H20 mixing 
r a t i o s  v s .  t e m p e r a t u r e  
( a c c o r d i n g  t o  [550]) .  The 
narrow c u r v e s  -- vapor  p r e s s u r e  
f o r  v a r i o u s  p e r c e n t a g e  
c o n c e n t r a t i o n s  o f  aqueous H2S04 
s o l u t i o n .  The  dashed l i n e  -- 
t h e  H20 mixing  r a t i o  f o r  an  
a t m o s p h e r i c  model a c c o r d i n g  
t o  [412].  The dot ted-dashed  
l i n e  -- t h e  b o i l i n g  p o i n t .  
The t h i c k  c u r v e  -- a model 
w i t h  H2S04 c l o u d s  a t  
f H 2 0  rz 10-3. 

The e s t i m a t e d  ( p h o t o g r a p h i c  
measurements) a l t i t u d e  o f  t h e  
c loud  t o p s  can a g r e e  w i t h  t h e  
v a l u e  o f  t h e  " o p t i c a l  r a d i u s "  
o f  Venus as c i t e d  i n  Chapter  1: 

9 R = 6120 - + 8 krn [5331. 
measuring t h e  e q u i v a l e n t  w i d t h s  
of  C 0 2  bands a t  X = 1 . 6  pm n e a r  

Venus, Moroz [ l l g a ]  has  
d i s c o v e r e d  an a s y m m e t r y  i n  t h e  
p o s i t i o n  of t h e  band f o r m a t i o n  
l e v e l ;  t h i s  can  b e  a t t r i b u t e d  
t o  t h e  f a c t  t h a t  t h e  c l o u d  t o p s  
a t  p o l a r  l a t i t u d e s  ( t h e  p o l a r  
t r o p o p a u s e )  are  5 - 7 km l o w e r  
t h a n  a t  e q u a t o r i a l  l a t i t u d e s .  

* 
By 

t h e  i n f e r i o r  c o n j u n c t i o n  of  /200 

A s  p h o t o g r a p h i c  measurements 
o f  t h e  c r e s c e n t  of Venus n e a r  
i n f e r i o r  c o n j u n c t i o n  have shown 
C3941, t h e  a p p a r e n t  l i m b  of  t h e  
p l a n e t  does  n o t  c o i n c i d e  w i t h  
t h e  upper  boundary of  t h e  
c o m p a r a t i v e l y  dense l a y e r  o f  
haze r e c o r d e d  i n  t h e  short-wave 
r e g i o n  of  t h e  spec t rum.  I n  t h e  
r e d  and n e a r - i n f r a r e d  r e g i o n s ,  
t h i s  boundary i s  R*R = 6100 km, 

w h i l e  i n  u l t r a v i o l e t  r e g i o n  
( A  = 3 6 0 0  8 )  R*uv = 6145 km. 

The a l t i t u d e  c o r r e s p o n d e n c e  
of " u l t r a v i o l e t  c l o u d s "  i s  
d i r e c t l y  r e l a t e d  t o  t h i s  l a s t  
e s t i m a t e .  F i g s .  73a and 73b show 
examples o f  photographs  i n  
u l t r a v i o l e t  r a y s  o b t a i n e d  a t  a 

9 

9 

N e w  Mexico o b s e r v a t o r y  and d u r i n g  t h e  Mariner-10 f l i g h t  p a s t  
Venus. According t o  Kuiper  [394],  t h e  s t r o n g e s t  c o n t r a s t s  o f  c l o u d  
s t r u c t u r e  

6145 km i s  s u f f i c i e n t  t o  e n s u r e  an a p p r e c i a b l e  s c a t t e r i n g  o f  u l t r a -  
v i o l e t  above the  c l o u d  t o p s .  
s c a t t e r i n g  predominates ,  whi le  I n  t h e  short-wave r e g i o n ,  (A < 
3200 8 )  a b s o r p t i o n  by a t m o s p h e r i c  g a s e s  a p p a r e n t l y  h a s  t h e  most 
s u b s t a n t i a l  Impact .  These f e a t u r e s  are examined more c l o s e l y  i n  
Chapter  V. 

a p p e a r  i n  t h e  r a n g e  3200 - 4 0 0 0  8,  w i t h  a maximum a t  
A = 3600 P . The a t m o s p h e r i c  d e n s i t y  a t  a l t i t u d e s  r = 6120 - 

A t  l o n g e r  wavelengths  (A > 4 0 0 0  8 )  
J 
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F ig .  73a. U l t r a v i o l e t  r a y  photographs  o f  Venus from 
ground-based o b s e r v a t i o n s  i n  N e w  Mexico. For  pu rposes  
o f  comparison,  t h e  photograph i s  shown i n  g r e e n  l i g h t .  
Below a re  the  t imes of t h e  o b s e r v a t i o n s .  B .  Smi th  
k i n d l y  f u r n i s h e d  t h e  photographs .  

IV.8. S e v e r a l  C o n s i d e r a t i o n s  About The O r i g i n  And E v o l u t i o n  O f  
The Atmosphere. 

The p r e c e d i n g  paragraphs have c o n t a i n e d  conv inc ing  ev idence  
t h a t  t h e  Venusian atmosphere i s  a unique gaseous  s h e l l ,  a s h e l l  
t h a t  i s  fundamenta l ly  d i f f e r e n t  i n  i t s  most i m p o r t a n t  c h a r a c t e r i s t i c s  
from the  atmosphere o f  t h e  E a r t h .  Its b a s i c  chemica l  component 
i s  carbon d i o x i d e  ( i n  t h e  Ear th ' s  a tmosphere,  r e l a t i v e  C O  c o n t e n t  
i s  0.03% on t h e  a v e r a g e ) ,  t h e  s u r f a c e  t e m p e r a t u r e  i s  abouE 500°C 
and t h e  p r e s s u r e  i s  a lmost  1 0 0  atm. N a t u r a l l y ,  q u e s t i o n s  have a r i s e n  
abou t  what  l e d  t o  t h e  development o f  such  unusua l  c o n d i t i o n s ,  what 
p r o c e s s e s  have caused  t h e  f o r m a t i o n  of a massive and hot  C O  
a tmosphere and ,  a t  t h e  same time, l e f t  t h e  p l a n e t  p r a c t i c a l l y  
devo id  of water. It is impor t an t  t o  unde r s t and  whether  t h e  Venusian 
atmosphere i s  the  n e c e s s a r y  p roduc t  o f  an  e a r l i e r  s t a g e  of 
e v o l u t i o n  o r  whether e x i s t i n g  c o n d i t i o n s  deve loped  l a t e r ,  as a 
r e s u l t  o f  i r r e v e r s i b l e  p r o c e s s e s  r e l a t e d  t o  t h e  p l a n e t ' s  p rox imi ty  
t o  t h e  Sun. 

Based on t h e  h y p o t h e s i s  tha t  t h e  p l a n e t s  o f  t h e  S o l a r  System 
formed s i m u l t a n e o u s l y  from t h e  agg lomera t ion  o f  the c o l d  material 
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of a p r o t o p l a n e t a r y  n e b u l a  of  gas  and d u s t  2 1  , i t  i s  p o s s i b l e  
t o  c o n j e c t u r e  t h a t  t h e  o r i g i n a l  c o m p o s i t i o n  of t h e  p l a n e t a r y  
a tmospheres  was a b o u t  t h e  same as t h e  r e l a t i v e  abundance o f  t h e  
chemical  e l e m e n t s  i n  t h e  Sun ( c f . ,  f o r  example, [528, 5 2 9 ,  5711). 
Subsequent ly ,  however, t h e  most abundant  e l e m e n t s ,  hydrogen and 
hel ium, were r e t a i n e d  o n l y  by t h e  c o l d  g i a n t  p l a n e t s ,  which 
formed on t h e  p e r i p h e r y  o f  the S o l a r  System p r i m a r i l y  from t h e s e  
g a s e s .  H e a v i e r  and l e s s  widespread e l e m e n t s  -- t h e  metals, t o g e t h e r  
w i t h  t h e i r  o x i d e s  and s u l f i d e s  -- e n t e r e d  i n t o  t h e  composi t ion  
of t h e  s o l i d ,  i r o n - s i l i c a t e  p h a s e  o f  t h e  t e r r e s t r i a l  p l a n e t s ,  which 
were c l o s e r  t o  t h e  Sun. S i n c e  t h e  E a r t h ,  Venus, Mars and Mercury 
a l l  had r e l a t i v e l y  small  masses, t h e  l i g h t e s t  e l e m e n t s ,  hydrogen 
and he l ium,  d i s a p p e a r e d  i n t o  s p a c e .  

S t a r t i n g  w i t h  c u r r e n t  c o n c e p t i o n s  [ 3 0 ,  4 8 0 3 ,  i t  i s  
p o s s i b l e  t o  m a i n t a i n  t ha t  t h e  a t m o s p h e r i c  composi t ion  o f  t he  
t e r r e s t r i a l  p l a n e t s  was de termined  p r i m a r i l y  b y  t h e  e s c a p e  o f  
v o l c a n i c  gases t h a t  accompanied t h e  d i f f e r e n t i a t i o n  o f  t h e  p l a n e t ' s  
s u b s t a n c e  i n t o  l ayers ,  a p r o c e s s  which o c c u r r e d  under t h e  impact  
of t h e  g r a v i t a t i o n a l  p o t e n t i a l  energy  o f  a c c r e t i o n ,  d e n s i t y  
c o n v e c t i o n  i n  t h e  m a n t l e ,  and t h e r m a l  energy  o f  r a d i o a c t i v e  

e x t r u d e d  from t h e  m a n t l e  i n  a c c o r d  w i t h  t h e  mechanism o f  z o n a l  
m e l t i n g ;  d e g a s s i n g  accompanied t h i s  e x t r u s i o n .  

decay .22  I n  t h e  p r o c e s s ,  easily-melted basalt material was / 2 0 2  

Water vapor  and carbon d i o x i d e  a r e  t h e  b a s i c  p a r t s  o f  t h e  
v o l c a n i c  g a s e s  formed by chemica l  r e a c t i o n s  a t  t h e  h i g h  t e m p e r a t u r e s  
and p r e s s u r e s i n  t h e  i n t e r i o r  o f  t h e  p l a n e t .  These  g a s e s ,  t h e  compo- 
s i t i o n  o f  which depends on t h e  c o n d i t i o n s  i n  which t h e  r e a c t i o n  
t a k e s  p l a c e  ( e s p e c i a l l y  t h e  t e m p e r a t u r e )  and on t h e  mass of  t h e  
r e l e v a n t  s u b s t a n c e  i n  t h e  m a n t l e ,  are  d i s s o l v e d  i n  water i n  v a r y i n g  
d e g r e e s  and t o g e t h e r  w i t h  t h e  water, a r e  e x p e l l e d  d u r i n g  v o l c a n i c  
e r u p t i o n s .  A t  t h e  h i g h e s t  t e m p e r a t u r e s  HC1, HF, H2S, and SO2 are  
among the gases expelled; at relatively low temperatures, NHQCL, 
B(OH>3, and o t h e r s  a re  p r e s e n t .  

*' I n  e s s e n c e ,  t h e  Kant-Laplace n e b u l a r  h y p o t h e s i s ,  which 0. Yu. 
Shmidt E5673 has l a t e r  surveyed  i n  a s l i g h t l y  d i f f e r e n t  v a r i a n t ,  
l i e s  a t  t h e  bas i s  o f  t h i s  c o n c e p t i o n .  A d e t a i l e d  account  o f  t h e  
v a r i o u s  h y p o t h e s e s  c o n c e r n i n g  t h e  o r i g i n s  o f  t h e  p l a n e t s  o f  t h e  
S o l a r  System can  b e  found,  f o r  example,  i n  L e v i n ' s  work C5611. Here 
w e  w i l l  o n l y  remark t h a t ,  as has been de termined  e x p e r i m e n t a l l y ,  
t h e  r e l a t i v e  abundance o f  t h e  i s o t o p e s  o f  v a r i o u s  e lements  i s  
q u i t e  similar f o r  t h e  Sun, t h e  E a r t h  and t h e  m e t e o r i t e s ,  and t h a t  
t h i s ,  as w e l l  as o t h e r  cosmogenic and r a d i o g e n i c  d a t a ,  s e r v e s  t o  
conf i rm t h e  h y p o t h e s i s  o f  a s i n g l e  p r o t o p l a n e t a r y  n e b u l a  w i t h  a 
c o m p a r a t i v e l y  homogeneous composi t ion .  ( c f .  [ 6 5 1 ) .  

I -- . .  __ 

22 The c u r r e n t  h y p o t h e s i s  ( f o r  E a r t h )  c o n c e r n i n g  t h e  t e c t o n i c s  o f  
moving l i t h o s p h e r i c  p l a t e s  i s  now b e i n g  connec ted  w i t h  d e n s i t y  
c o n v e c t i o n  i n  t h e  mant le  caused  by c h e m i c a l - g r a v i t a t i o n a l  d i f f e r e n -  
t i a t i o n  a t  t h e  s u r f a c e  where t h e  mant le  and c o r e  o f  t h e  p l a n e t  meet 
( c f .  C564, 5 6 5 1 ) .  T h i s  i s  t h u s  a n  a t t e m p t  t o e x p l a i n  how the  E a r t h ' s  
g e o l o g i c a l  development conforms t o  c e r t a i n  n a t u r a l  laws. 
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F i g .  7 3 b .  Photographs of Venus o b t a i n e d  by Mariner-10 
as i t  flew by t h e  p l a n e t ;  t a k e n  a t  i n t e r v a l s  o f  one 
day ,  b e g i n n i n g  w i t h  t + 1 day,where t i s  t h e  t ime 
t h e  pe r i aps i s  was pasged.  
photographs .  

B. Murray f g r n i s h e d  the  

b 

The composi t ion  o f  v o l c a n i c  gases ( a c c o r d i n g  t o  [301>  i s  c i t e d  
i n  T a b l e  1 3  i n  o r d e r  o f  abundance. Table 1 3  a l s o  i n d i c a t e s  t h e  
r e l a t i v e  c o n t e n t  of t h e  b a s i c  gases by p e r c e n t a g e s .  

Table 1 3  shows t h e  predominant r o l e  of water, which makes 
up about  20% by volume of  t h e  extrusive basa l t s .  The r a t i o  o f  
r e l a t i v e  C 0 2  and H 2 0  c o n t e n t  i s  approximate ly  5 : l .  F r e e  / 2 0 3  
n i t r o g e n ,  oxygen and hydrogen are  e s s e n t i a l l y  t h e  secondary  
p r o d u c t s  of t h e  r e a c t i o n s .  
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TABLE 13 .  COMPOSITION OF VOLCANIC GASES 

.- I 

Group I 

i 
i 

-. 

Gases 

i !  , I  
I t I  

! R e l a t i v e  
i con ten t  

A s  i s  s e e n ,  i t  would seem e a s i e r  t o  unde r s t and  t h e  
compos i t ion  o f  t h e  Venusian a tmsophere ,  w i t h  i t s  overwhelming 
C 0 2  c o n t e n t ,  i n  t e rms  o f  d e g a s s i n g ;  t h i s  i s  of  c o u r s e  l e s s  t r u e  
f o r  t h e  compos i t ion  of t h e  E a r t h ' s  a t m o s p h e r e , i n  which N and 
O2 predomina te .  It i s  a l s o  p o s s i b l e  t o  unde r s t and  t h a t  $he d r y  
Venus ian  a tmosphere  c o n t a i n s  components s u c h  a s  H C 1  and I-IF, 
which,  i n  c o n d i t i o n s  on E a r t h ,  t h e  r a i n s  wash o u t  of  t h e  a tmosphe re  
and which a r e  d i s s o l v e d  i n  t h e  oceans  o r  combined i n  r e a c t i o n s  w i t h  
t h e  s o l i d  s u b s t a n c e  of t h e  E a r t h ' s  c r u s t ; a n d  tha t  i t  c o n t a i n s  
s u l f u r  ( i n  c o n f i r m a t i o n  of t h e  H SO4 c loud  h y p o t h e s i s ) .  It i s  
much more d i f f i c u l t  t o  e x p l a i n  t i e  minute  q u a n t i t y  of w a t e r  on 
Venus, a q u a n t i t y  thousands  of t imes smaller t h a n  on E a r t h .  

One c l u e  t o  why t h e  p l a n e t s  took v a r y i n g  e v o l u t i o n a r y  p a t h s ,  
t r a c e s  of which a re  m a n i f e s t  i n  t h e  s h e l l  o f  gas  t h a t  h a s  formed 
around t h e m ,  i s  obviously t h e  p o s i t i o n  o f  a given p l a n e t  i n  t h e  
S o l a r  System a n d ,  c o n s e q u e n t l y ,  i t s  h e a t  b a l a n c e .  I n  p a r t i c u l a r ,  
t h i s  f a c t ,  t o g e t h e r  w i t h  t h e  p r e s s w e  of so la r  r a d i a t i o n ,  h a s  
a p p a r e n t l y  i n f l u e n c e d  t h e  thermal f r a c t a t i o n  o f  t h e  s u b s t a n c e  i n  
t h e  p r o t o p l a n e t a r y  nebu la ;  t h i s  has r e s u l t e d  i n  a s i t u a t i o n  where 
t h e  e a s i l y  v o l a t i l e  components were d e p l e t e d  i n  t h e  r e g i o n s  c l o s e s t -  
t o  t h e  Sun [561]. It i s  p o s s i b l e  t o  a r g u e  t ha t  s e v e r a l  billion 
years  ago t h e  compos i t ion  of  t h e  E a r t h ' s  a tmosphere  was c l o s e r  
t o  t h a t  o f  t h e  p r e s e n t  Venusian a tmosphere  t h a n  i t  i s  t o  t h e  p r e s e n t  
E a r t h ' s  a tmosphere ,  b u t  tha t  it was s u b s t a n t i a l l y  l e s s  d e n s e .  
According t o  t h e  most w ide ly  a c c e p t e d  h y p o t h e s i s  [ 3 0 ] , o f  d e c i s i v e  
impor tance  f o r  t h e  E a r t h ' s  e v o l u t i o n  was p h o t o s y n t h e s i s ,  which appea red  
i n  t h e  P r o t e r o z o i c ,  and which, under  t h e  impact  o f  s o l a r  short-wave 
r a d i a t i o n ,  s u p p l a n t e d  a b i o g e n i c  o r g a n i c  s y n t h e s i s ;  t h i s  r e s u l t e d  
i n  t h e  appea rance  of a b i o s p h e r e  and o f  f r e e  oxygen i n  t h e  a tmosphere .  
According t h  a n o t h e r  c o n c e p t i o n  C5651, a more powerfu l  mechanism 
f o r  c a r r y i n g  oxygen i n t o  t h e  a tmosphere  may b e  connec ted  w i t h  t h e  
r e o r g a n i z a t i o n  of t h e  s t o i c h i o m e t r y  of f e r r o u s  o x i d e s  a t  h i g h  
p r e s s u r e s  and may b e  caused  by t h e  p r o c e s s  of  d e n s i t y  d i f f e r e n t i a t i o n  

a 
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mechanism b e g i n s  t o  b e  e f f e c t i v e  o n l y  a f t e r  t h e  f r e e  i r o n  i n  t h e  
mant le  has been c o m p l e t e l y  o x i d i z e d ;  a c c o r d i n g  t o  c a l c u l a t i o n s  
f o r  t h e  l h e r z o l i t i c  model of  t h e  E a r t h ' s  m a n t l e ,  t h i s  o c c u r r e d  
a t  t h e  end of  t h e  P r o t e r o z o i c .  

T h i s  

The a p p e a r a n c e  of f ree  oxygen i n  t h e  E a r t h ' s  a tmosphere must 
have caused  the  o x i d a t i o n  of  t h e  ammonia c o n t a i n e d  i n  t h e  ammonium /204 
compounds o f  v o l c a n i c  gases as wel l  as t h e  r e l e a s e  o f  f ree  n i t r o g e n  
i n t o  t h e  a tmosphere .  S i n c e  n i t r o g e n  i s  a n e u t r a l  gas, which does not, 
e n t e r  i n t o  r e a c t i o n s  w i t h  s u r f a c e  r o c k s  and which, moreover,  has 
a h igh  t h r e s h o l d  o f  d i s s o c i a t i o n  (which i s  e s s e n t i a l  i n  an  
a tmosphere  o f  small o p t i c a l  t h i c k n e s s ) ,  i t  g r a d u a l l y  accumula tes  
i n  t h e  a tmosphere .  A t  t e m p e r a t u r e s  Te = 2 7 5 O K ,  assuming t h a t  i t s  
o r i g i n a l  a l b e d o  was de termined  e n t i r e l y  by t h e  s u r f a c e  and cor responded 
t o  t h a t  o f  t h e  Moon, i . e . ,  A = 0 . 0 7 ,  t h e  Ea r th  r e t a i n e d  i t s  w a t e r ,  
t h e  b a s i c  p a r t  o f  which was c o n c e n t r a t e d  i n  t h e  o c e a n s .  A s  f o r  the  
carbon d i o x i d e  gas r e l e a s e d  by  d e g a s s i n g  from t h e  m a n t l e ,  s i n c e  
l i q u i d  water and a r e l a t i v e l y  low t e m p e r a t u r e  were p r e s e n t ,  i t  
accumulated c h i e f l y  i n  t h e  E a r t h ' s  hydrosphere  and t h e  c a r b o n a t e s  
of s e d i m e n t a r y  r o c k s  due t o  r e a c t i o n  w i t h  t h e  m e t a l  o x i d e s  f reed 
d u r i n g  s e r p e n t i n i z a t i o n  and k a o l i n i z a t i o n .  

-- 

The a tmosphere  of  Venus must have gone t h r o u g h  a d i f f e r e n t  
p r o c e s s  of  e v o l u t i o n .  E v i d e n t l y ,  t h e  d e c i d i n g  f a c t o r  i n  t h i s  
regard was Venus' p r o x i m i t y  t o  t h e  Sun. T h i s  idea i s  d i s c u s s e d  i n  
d e t a i l  i n  t h e  works o f  Vinogradov 1303, Rasool  and De Bergh C4681 
and P o l l a c k  [457]. 

The development o f  p r e s e n t  c o n d i t i o n s  on Venus p r o b a b l y  
began when t h e  Sun made t h e  t r a n s i t i o n  t o  t h e  main sequence  when, 
as  i s  u s u a l l y  s u g g e s t e d ,  t h e  i n t e n s i t y  o f  i t s  r a d i a t i o n  i n c r e a s e d  
by about  30%.  Using t h e s e  n o t i o n s  as a s t a r t i n g  p o i n t ,  i t  would 
hardly have been p o s s i b l e  f o r  c l i m a t i c  c o n d i t i o n s  f a v o r a b l e  t o  
l i f e  t o  appear on E a r t h  had t h e  r a d i u s  of i t s  o r b i t  been about  
1 0 , 0 0 0 , 0 0 0  k m  smaller.  T h i s  i s  i l l u s t r a t e d  by a diagram (F ig .  7 4 )  
t a k e n  f rom [4681;  t h i s  l a t t e r  shows how t e m p e r a t u r e  grows from the  
o r i g i n a l  t e m p e r a t u r e  T, i n  t h e  o r i g i n a l  p l a n e t a r y  a tmosphere ,  which 
c o n s i s t e d  o f  C 0 2  and H20 i n  a r a t i o  c l o s e  t o  t h a t  o f  t h e  volczZ%i.c 
g a s e s .  Although t h e  c a l c u l a t i o n s ,  which were done a c c o r d i n g  t o  t h e  
r a d i a t i v e  t r a n s f e r  e q u a t i o n  u s i n g  t h e  Eddington a p p r o x i m a t i o n  a re  
o n l y  rough estimates, t h e y  do a l l o w  one t o  form d e f i n i t e  n o t i o n s  
about  t h e  p o s s i b l e  e v o l u t i o n  o f  t h e  Venusian atmosphere.  I f  one 
b e g i n s  w i t h  t h e  same v a l u e  A = 0 . 0 7 ,  t h e n  t h e  e q u i l i b r i u m  t e m p e r a t u r e  
f o r  Venus a c c o r d i n g  t o  ( I V . 1 )  w i l l  be T, 
low p r e s s u r e s  (up  t o  P 51 0 . 2  atm) whickf e v i d e n t l y  cor respond t o  t h e  
o r i g i n a l  p l a n e t a r y  *atmosphere,  t h i s  t e m p e r a t u r e  t u r n s  o u t  t o  be  h i g h e r  
t h a n  t h e  b o i l i n g  p o i n t  of w a t e r .  It i s  p o s s i b l e  t h a t  t h i s  i s  one o f  
t h e  b a s i c  " b o u n d a r y " f a c t o r s  t h a t  l e d  i n  t h e  f i n a l  account  t o  t h e  
development o f  
on Venus i 
about  2 0 1 0 3 ~  g [ 2 8 ] ) .  The l o s s  of water by t h e  p l a n e t  depends on t h e  
e f f e c t i v e n e s s  o f  t h e  d i s s o c i a t i o n  p r o c e s s e s  t a l t i t u d e s  where t h e  
o p t i c a l  t h i c k n e s s  i n  t he  continuum X < 2 4 0 0  f ( H  0 d i s s o c i a t i o n  
T < 1. 

3 2 5 O K ;  a t  c o m p a r a t i v e l y  /205 

r sent-day c o n d i t i o n s ,  i n  wpich t h e  t o t a l  rater c o n t e n t  = lg-3 of t h e  mass o f  t h e  E a r t h  s h y d r o s p h e r e  ?which i s  

i s  
T h i s  c o n d i t i o n  i s  i n  t u r n  d i r e c t l y  relazed t o  t h e  e f f e c t i v e n e s s  



of m o l e c u l a r d i f f u s i o ~ w h i c h  d e t e r m i n e s  t h e  speed  w i t h  which water 
vapor  molecules  c a n  be d e l i v e r e d  t o  a l t i t u d e s  where d i s s o c i a t i o n  
can  occur .  I n  c o n d i t i o n s  on E a r t h ,  s o l a r  quan ta  w i t h  an  ene rgy  
g r e a t e r  t h a n  5.08 e V ,  which c o r r e s p o n d s  to t h e  d i s s o c i a t i o n  t h r e s h o l d  
of  molecu la r  oxygen ( A  2 2 4 2 4  I), are  abso rbed  a t  a l t i t u d e s  
h > 1 0 0  - 1 5 0  km ( a l t h o u g h  t h e y  a re  p r e s e n t  a t  even h i g h e r  a l t i t u d e s ,  
s i n c e  d i s s o c i a t i o n  t i m e  i s  much l o n g e r  t h a n  d i f f u s i o n  t i m e  [438] ) .  
CO2 a b s o r p t i o n  b e g i n s  f o r  a l l  p r a c t i c a l  pu rposes  n t h e  Schuman- 
Runge continuum ( d i s s o c i a t i o n  t h r e s h o l d  X = 1 6 7 0  8) and o c c u r s  a t  
a s lower  r a t e  t h a n  for 02. I n  an  a tmosphere  w i t h  an  overwhelming 
CO c o n t e n t  and w i t h  p r a c t i c a l l y  no 0 t h e r e f o r e ,  short-wave s o l a r  

o b v i o u s l y  p e n e t r a t e  deeper ,  t o  a l e v e l  where t h e  a b s o l u t e  c o n t e n t  
o f  H 0 molecu le s  i s  h i g h e r .  It i s  p o s s i b l e  t h a t  a s imi la r  s i t u a t i o n  
e x i s z e d . s o m e  1 - 1 . 5  b i l l i o n  y e a r s  ago  on t h e  E a r t h ,  b e f o r e  f r e e  
oxygen appeared  i n  t h e  a tmosphere .  At t h e  same t i m e ,  t h e  f a c t  
t h a t  t h e  r a t e  o f  p h o t o l y s i s  i n  Venusian c o n d i t i o n s  i s  abou t  3 - 4 
o r d e r s  o f  magni tude f a s t e r  t h a n  i n  p re sen t -day  c o n d i t i o n s  on E a r t h  
had a n  undoubted e f f e c t  on t h e  d i s a p p e a r a n c e  o f  H20 on Venus [281].  
Moreover,  i t  is i m p o s s i b l e  t o  r u l e  o u t  t h e  p o s s i b l l i t y  t h a t  t h e  
t e m p e r a t u r e  o f  t h e  Venusian s t r a t o m e s o s p h e r e  i s  s l i g h t l y  h i g h e r  
t h a n  i n  t h e  E a r t h ' s  mesosphere.  These  f a c t o r s  must have r e s u l t e d  
i n  a more e n e r g e t i c  m o l e c u l a r  d i f f u s i o n  f rom below and i n  an 
e f f e c t i v e  d i s s o c i a t i o n ,  where in  l i g h t  hydrogen d i s a p p e a r e d  from 
t h e  a tmosphere .  But oxygen, which d i f f u s i o n  and c o n v e c t l o n  can  c a r r y  
t o  t h e  lower - ly ing  a tmosphere ,  will combine w i t h  t h e  s o l i d  
s u b s t a n c e  of  t h e  s u r f a c e  r o c k s .  2 3  An i n d i r e c t  c o n f i r m a t i o n  t h a t  /207 
s u c h  a mechanism may i n  f a c t  have e x i s t e d  i s ,  on one hand, t h e  
p r e v a l e n c e  of C 0 2  t o  compara t ive ly  h i g h  a l t i t u d e s  and ,  on t h e  o t h e r  
hand ,  t h e  e x i s t e n c e  of  a hydrogen co rona  n e a r  Venus w i t h  a p o s s i b l e  
d e u t e r i u m  c o n c e n t r a t i o n  a t  i t s  base (due  t o  t h e  f a c t  t h a t  it 
d i s s i p a t e s  more s l o w l y )  ( c f .  Chap te r  V I ) .  

r a  2 i a t i o n ,  which e f f e c t i v e l y  d i s s o c i a  Z '  es water vapor ,  can  

The g r a d u a l  accumula t ion  of C O  and H20 i n  t h e  atmosphere and 
a n  i n c r e a s e  i n  i t s  d e n s i t y  shou ld  l e a 6  t o  a n  i n c r e a s e  i n  t e m p e r a t u r e  

2 3 S o r o k h t i n  [565] examines t h e  r e a c t i o n  o f  t h e  t h e r m a l  d i s s o c i a t i o n  
of water vapor  o v e r  f ree  i r o n  i n  a r e g o l i t h - l i k e  l a y e r  (3Fe + , 

4 H 2 0  -f Fe3O4 + 4 H 2 ) ;  t h i s  r e a c t i o n  p r o c e e d s  a t  h i g h  t e m p e r a t u r e s  
s i m u l t a n e o u s l y  w i t h  t h e  s e r p e n t i n i z a t i o n  r e a c t l o n  and t h e  r e a c t i o n  
combining degassed  C O  
e f f e c t i v e  mechanism o? water loss, a mechanism a c t i v e  a t  a com- 
p a r a t i v e l y  e a r l y  s t a g e ' i n  t h e  e v o l u t i o n  o f  t h e  p l a n e t .  I n  o r d e r  t o  
e x p l a i n  t h e  low oxygen c o n t e n t  i n  t h e  Venusian a tmosphere ,  he 
s u g g e s t s  t h a t  t h e  Fe/FeO r a t i o  i n  t h e  mater ia l  of Venus would,  i f  t h e  
l a r g e  d e g r e e  o f  thermal f r a c t i o n a t i o n  of  t h e  p r o t o p l a n e t a r y  n e b u l a  
i s  f igu red  i n , t u r n  o u t  t o  b e  h i g h e r  t h a n  i n  t h e  material  o f  E a r t h  
and t h a t  f r e e  i r o n  cou ld  remain  i n  t h e  man t l e  o f  Venus and c o n t i n u e  
t o  combine a c t i v e l y  w i t h  t h e  oxygen d i s c h a r g e d  as t h e  Venus c o r e  
grows. 

and H 2 0 ;  t h i s  r e a c t i o n  he s e e s  as a n  a d d i t i o n a l  

15 4 
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Heating processes, 
which we will deal with 
more closely in Chapter 
V, are intimately linked 
to the transfer of large 
quantities of C02 and 
H 0 into the atmosphere. 
Tie equilibrium state is 
determined by carbonate- 
silicate interaction in 
the surface layer of 
the planet -- as in 
the reactions of 
Wollaston equilibrium: 

. ,  . _. - . . - .. _. . . . ~ . .  -. 

Fig .  74. A diagram showing the 
change in surface temperature from 
the original temperature of 
equilibrium Te for three planets, a 
change due to the "greenhouse 
effect" in a 
C4681. The curved lines with 
arrows show the character of the 
evolution; the narrow curved lines, 
which correspond to the phase transi- 
tions of H20, bound a stippled region, 
inside which water can exist as a 
liquid. The topmost diagonal lines 
are the conditions of Wollaston 
equilibrium. The different 

various original values of albedo (7 
and 20%) for the Earth and, for 
Venus, to the alternatives of  rapid 
or slow rotation. 

C 0 2  and H20 atmosphere 

2volutionary paths correspond t o  the 

It can be shown that 
C02 content in the 
Venusian atmosphere is 
comparable to the total 
quantity of carbon dioxide 
tied up in the sedimentary 
rocks of the Earth's 
crust, a quantity which, 
in the estimates of Ronov 
and Yaroshevskiy 65631, is 
equal to 0 . 3 7 * 1 0 2  g 
(cf. also [33 ,  1 7 6 ,  5 2 9 1 ) .  

In fact, as is 
evident from Fig. 75, 
the amount of carbon 
dioxide that passes into 
the atmosphere corresponds 
to its equilibrium content 
according to the diagram 
of Wollaston equilibrium 
at a planetary surface 
temperature of about 7 5 O O K .  
The diagram in Fig. 74 
a l s o  demonstrates the 

relationship of the parameters at which the conditions of thermal 
equilibrium (including H20 phase transitions) and geochemical /208  
(Wollaston) equilibrium can be realized. 
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It i s  of i n t e r e s t  to n o t e  t h a t  i f  t h e  t e m p e r a t u r e  on t h e  
E a r t h  had i n c r e a s e d  as h i g h  as  t h e  Venusian t e m p e r a t u r e ,  t h e  
pressure o f  t h e  E a r t h ' s  a tmosphere would have s u b s t a n t i a l l y  
exceeded t h a t  a t  t h e  s u r f a c e  o f  Venus. T h i s  i s  r e l a t e d  t o  t h e  
f a c t  that  a b o u t  300 atm, t h e  r e s u l t  o f  e v a p o r a t i o n  from t h e  
oceans  (mean d e p t h  o f  t h e  P a c i f i c  Ocean i s  about  3 km), would have 
been added t o  a p r e s s u r e  of about  50  atm C 0 2 ,  t h e  r e s u l t  o f  f r e e i n g  
c a r b o n  d i o x i d e  from t h e  c a r b o n a t e s  o f  t h e  E a r t h ' s  sed imentary  
s h e l l  [33] .  A comparison o f  t h e  b a s i c  v o l a t i l e  components on t h e  
E a r t h  and on Venus i s  g i v e n  i n  T a b l e  1 4 .  For E a r t h ,  b o t h  
a t m o s p h e r i c  c o n t e n t  and, t h e  c o n t e n t  o f  v o l a t i l e  components 
combined i n  s e d i m e n t a r y  r o c k s  a r e  shown [351]. 

TABLE 14, CONTENT OF VOLATILE COMPONENTS (kg/crn2) 

.Earth's I T o t a l  Venusian 
-_ ..- - .- = .---.< 

Corn- !atmosphere ,on Earth atmosphere 
ponen_t - - - ._. _ _  ._- - 

-- --- -_ .--- 
1, 'I: 

I 

F i g .  75.  C a l c u l a t e d  C 0 2  e q u i l i b r i u m  
p a r t i a l  p r e s s u r e  v s .  s u r f a c e  tempera-  
t u r e  a t  Wollastol? e q u i l i b r i u m  between 
c a r b o n a t e s  and s i l i c a t e s  C301. 

Key: a .  atm 
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I n  t h e  l i g h t  o f  
c u r r e n t  c o n c e p t i o n s  a b o u t  
Venus, i t  i s  n a t u r a l  t o  ask 
whether  t h e  p l a n e t  i s  o f  
e x o b i o l o g i c a l  i n t e r e s t .  
T h i s  q u e s t i o n  h a s  been 
d i s c u s s e d  i n  a number o f  /206 
works ( e . g . ,  C483, 580 ,  583, 
5 8 5 1 ) ,  whose a u t h o r s  have 
d e a l t  w i t h  t h e  p o s s i b i l i t y  
t h a t  b i o l o g i c a l l y  a c t i v e  
forms e x i s t  e i t h e r  on 
t h e  s u r f a c e  or i n  t h e  
c l o u d s .  Wi th  r e g a r d  t o  
t h e  s u r f a c e ,  one may 
a f f i rm tha t  most o r g a n i c  
molecules  t h a t  e n t e r  i n t o  
t h e  make-up of  b i o l o g i c a l  
s t r u c t u r e s  e v a p o r a t e  a t  
t e m p e r a t u r e s  much less  
t h a n  5 O O 0 C ,  t h a t  p e p t i d e s  
a re  u n s t a b l e ,  and t h a t  
p r o t e i n s  change t h e i r  
n a t u r a l  p r o p e r t i e s .  
Fur thermore ,  t h e r e  i s  

v 



I 

no l i q u i d  water on t h e  s u r f a c e .  It i s  p o s s i b l e  t o  r u l e  o u t ,  
t h e r e f o r e ,  forms of' l i f e  similar t o  t h o s e  on E a r t h .  It seems 
r a t h e r  f o r c e d  t o  c o n c e i v e  of " b i o l o g i c a l  r e f r i g e r a t o r s "  o r  
b i o l o g i c a l  s t r u c t u r e s  based on s i l i c o n - o r g a n i c  compounds. 

C o n d i t i o n s  i n  t h e  c l o u d s  a r e  much more f a v o r a b l e .  These 
c o n d i t i o n s  c o r r e s p o n d  t o  a l e v e l  of  about  50 - 55 km on t h e  
E a r t h ,  e x c l u d i n g  of  c o u r s e  t h e  p r e v a l e n t  C O 2  c o n t e n t  and t h e  
a l m o s t  comple te  absence  of 02 and N 2 .  N e v e r t h e l e s s ,  there  are  
c o n d i t i o n s  i n  t h e  c l o u d s  for t h e  f o r m a t i o n  of  p h o t o a u t o t r o p h s .  
However, s i n c e  t he ,  a tmosphere i s  c o n t i n u o u s l y  i n  motion,  t h e r e  
would be some d i f f i c u l t y  i n  m a i n t a i n i n g  such organisms n e a r  a 
l e v e l  where c o n d i t i o n s  are f a v o r a b l e ,  i n  k e e p i n g  them from 
b e i n g  c a r r i e d  t o  t h e  h o t  a tmosphere a t  lower  l e v e l s .  I n  o r d e r  
t o  c i rcumvent  t h i s  d i f f i c u l t y ,  Morowitz and .Sagan  E5801 have 
s u g g e s t e d  t h a t  t he re  a re  Venusian organisms i n  t h e  form of 
i s o p y c n i c  b a l l o o n s  f i l l e d  w i t h  p h o t o s y n t h e t i c  hydrogen. I n  
t h e i r  estimates t h e  d i a m e t e r  of  such b a l l o o n s  (which d e f i n e s  t h e i r  
s i z e )  would be s e v e r a l  c e n t i m e t e r s  ( w i t h  a c o v e r i n g  about  as /210 
t h i c k  as  t h e  membranes i n  organisms on E a r t h ) .  

D e s p i t e  t h e i r  seeming a t t r a c t i v e n e s s ,  such  s p e c u l a t i o n s  
a re  i n  o u r  o p i n i o n  q u i t e  c o n t r i v e d .  It i s  h a r d l y  possible t o  
speak  s e r i o u s l y  about  t h e  o r i g i n  of  l i f e  i n  t h e  c l o u d s  o r  about  
t h e  "remains"  of  b i o l o g i c a l  forms tha t  once l i v e d  on t h e  p l a n e t  
and that have been  p r e s e r v e d  i n  t h e  c l o u d s .  T h i s  of a o u r s e  
d o e s  n o t  r u l e  o u t  t h e  p o s s i b i l i t y  t h a t  a t  a spec l f i c  p e r i o d  i n  
i t s  h i s t o r y  Venus c o u l d  have had more f a v o r a b l e  c o n d i t i o n s ,  
c o n d i t i o n s  more s u i t e d  t o  t h e  e x i s t e n c e  o f  l i f e .  



CHAPTER V. OPTICAL PROPERTIES AND THERMAL REGIME /211 

V.I. Conceptions About the Heating Mechanism of Venus. 

The problem of the optical and thermal regime is one of the 
most complex problems in the physics of Venus. A successful resolu- 
tion of this problem will determine not only our understanding of 
the evolution of Venus,. and its atmosphere, but also whether we will 
discover the conditions in which a similar physical mechanism could 
occur on another planet in the solar system. 

Before the beginning of space flight, the great uncertainty 
with regard to the physical parameters of the planet and the lack 
of data on the transfer of solar radiant energy in the Venusian 
atmosphere made it difficult to explain its thermal regime. The 
discovery of intense microwave emission has given rise to several 
theoretical models that attempt to explain the physical mechanism 
responsible for the observed mechanism of  radio brightness tempera- 
tures. One may tentatively divide these models into those with a 
hot surface, whose emission in the millimeter range is absorbed 
by a relatively cooler atmosphere, and those whose radio emission 
is generated by the atmosphere and whose surface temperature is 
only a bit higher than that of the Earth. For several years, there 
has been debate over the acceptability of the physical mechanism 
upon which this or that particular model has been constructed 
(cf. Chapter 111). 

Since it has been difficult to find a convincing explanation 
for a surface temperature of more than 600°K on a planet that is 
quite similar to Earth, attempts have been made, beginning with a 
"hot" atmospheric model, to link observed microwave emission to a /212 
hypothetical supercielnse ionosphere or to gaseous discharges in the 
atmosphere. Walker and Sagan [538]  have subjected these various 
mechanisms to a persuasive c r i t i q u e ,  and, in particular, they have 
shown that it is impossible to explain the observed spectral depen- 
dence of radio brightness temperatures in terms of synchotronic o r  
cyclotronic radiation. It is difficult to reconcile the hypothesis 
of gaseous discharges in the troposphere with the regularity of the 
emission; furthermore, because of the release of heat during elec- 
trical discharges of the required power, the atmosphere would have 
to be heated to a temperature that exceeds the temperature of the 
emitting layer [460]. 

A model with a hot surface has been better substantiated and 
is supported by the results of optical observations as well. In 
order to explain the heating of the surface, greenhouse, aeolo- 
spheric (friction) and circulation models have been suggested. 

In the "greenhouse" model, it is suggested that a definite part 
of the unreflected solar radiation in the visible region penetrates 
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t o  the  s u r f a c e  and i s  t h e n  absorbed  by t h e  s u r f a c e ' ,  w h i l e  t h e  emis- 
s i o n  o f  t h e  s u r f a c e  i n  t h e  i n f r a r e d  r e g i o n  i s  c a p t u r e d  i n  t h e  atmo- 

I s p h e r e  by t r i a t o m i c  molecules  such  as  C 0 2  and H20, which have s t r o n g  
a b s o r p t i o n  bands i n  t h i s  r e g i o n  of t h e  spec t rum.  A s  a r e s u l t ,  t h e  
s u r f a c e  and the  atmosphere are h e a t e d  t o  a t e m p e r a t u r e  TsJ which  i s  
about  t h e  same as t h e  r a d i o  b r i g h t n e s s  t e m p e r a t u r e  of  t h e  p l a n e t .  

who s t u d i e d  heat t r a n s f e r  i n  p u r e  carbon d i o x i d e  atmosphere o f  
Venus and w i t h  a c o m p a r a t i v e l y  s m a l l  o p t i c a l  t h i c k n e s s ;  he con- 
c luded  t h a t  h e a t i n g  due t o  t he  greenhouse  e f f e c t  would n o t  i n  t h i s  
case exceed a b o u t  50°K C545a-J. 

H i s t o r i c a l l y ,  t h e  f i r s t  such  model was t h a t  o f  W i l d t  (1940), /%l3 -- 

S a g a n ' s  [ 4 7 7 ,  4781 greenhouse model, proposed i n  1960 ,  was c a l -  
c u l a t e d  w i t h  i n t e g r a l  a b s o r p t i o n  f u n c t i o n s  t h a t  were c o n t a i n e d  i n  
t h e  t e c h n i c a l  l i t e r a t u r e  on b o i l e r s  and ovens,  and i t  i n c l u d e d  an  
a t t e m p t  t o  make a n  approximate c a l c u l a t i o n  o f  t h e  o v e r l a p p i n g  of  
bands w i t h i n  t h e  i n f r a r e d  r e g i o n  he  was examining. I n  a "gray" 
atmosphere a p p r o x i m a t i o n ,  he o b t a i n e d  e s t i m a t e s  o f  t h e  o p a c i t y  re- 
q u i r e d  t o  r e d u c e  t h e  o u t g o i n g  heat f l u x  a t  T s  ? 600°K t o  a v a l u e  
e q u a l  t o  t h e  f l u x  o f  t h e  absorbed  s o l a r  r a d i a t i o n ,  and he showed tha t  
t h e  n e c e s s a r y  degree o f  h e a t i n g  i s  seached  i n  a n  atmosphere w i t h  a 
h i g h  C 0 2  c o n t e n t  and w i t h  l-lOgecm- The 
a t m o s p h e r e ' s  o p a c i t y  t o  i n f r a r e d  r a d i a t i o n  should  here b e  about  9 9 % .  
I f  t h e  Milne-Eddington approximat ion  f o r  r a d i a t i v e  e q u i l i b r i u m  i n  
a "gray" atmosphere ( f o r m u l a  ( I V . 2 7 ) )  i s  u s e d ,  t h e n  t h e  r e q u i r e d  
v a l u e  o f  o p t i c a l  t h i c k n e s s  'I t o  a s s u r e  a t e m p e r a t u r e  Ts 
q = E,(1 - A )  = 3.105 erg*cm-2*sec-1 ( c f .  ( I V . 1 ) )  t u r n s  o u t  t o  be  
e q u a l  t o  T = 150;  t h i s ,  g e n e r a l l y  s p e a k i n g ,  i s  n o t  r e a l i s t i c .  How- 
e v e r ,  i n  t h e  work of Sagan and i n  t h e  l a t e r  work of J a s t r o w  and 
Rasool [3611, who d i d  more d e t a i l e d  c a l c u l a t i o n s  of r a d i a t i v e  t r a n s -  
f e r  i n  a "grayf f  approximat ion ,  there  was no a t tempt  t o  i d e n t i f y  the  
r e q u i r e d  o p a c i t y  w i t h  t h e  p h y s i c a l  p r o p e r t i e s  of t h e  r e a l  a tmosphere .  

The s u g g e s t i o n  t h a t  p r e s s u r e  i n  t h e  t e n s  of atmospheres exists 
on Venus compelled a more c a r e f u l  estimate of t h e  p o s s i b l e  change i n  

of  w a t e r  vapor  p r e s e n t .  

7 5 O o K  a t  

'The t e r m  "greenhouse model" i s  g e n e r a l l y  a p p l i e d  t o  t h e  atmosphere 
i n  a f i g u r a t i v e  s e n s e ,  and one s h o u l d  guard a g a i n s t  t h e  r a t h e r  wide- 
spread e r r o r  of  u n d e r s t a n d i n g  t h e  t e r m  l i t e r a l l y ,  i . e . ,  of  making 
a n  a n a l o g y  w i t h  greenhouses .  I n  greenhouses ,  t h e  b a s i c  e f f e c t  i s  
n o t  t h a t  t h e  glass p r e v e n t s  t h e  shor twave  r a d i a t i o n  from e s c a p i n g ,  
bu t  t ha t  there  i s  no c o n v e c t i v e  and c i r c u l a t o r y  heat exchange.  I n  
a f r e e  a tmosphere ,  most o f  t h e  heat i s  moved about  i n  t h i s  way. 
€3. Wood p o i n t e d  t h i s  f a c t  ou t  and conf i rmed i t  w i t h  h i s  well-known 
experiment  w i t h  b l a c k  c a r d b o a r d  boxes.  One was covered  b y  a glass  
p l a t e ,  t h e  o t h e r  by a p l a t e  o f  r o c k  s a l t  ( t r a n s p a r e n t  i n  t h e  l o n g  
wavelength r e g i o n ) .  Both boxes were p l a c e d  i n  t h e  s u n l i g h t ,  and 
t h e  r e s u l t i n g  t e m p e r a t u r e s  t u r n e d  o u t  t o  be v i r t u a l l y  i d e n t i c a l  -- 
about  5 5 O C  ( c f .  V .  S i b r u k ,  Robert  Wood, G o s t e k h i z d a t ,  1 9 4 6 ,  pp .  130- 
131). 
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the characteristics of absorption bands in such conditions. Plass 
and Wyatt [451] have demonstrated that at high pressures, C02 opacity 
in individual regions of the infrared spectrum increases substan- 
tially. Nevertheless, the authors's estimates of radiative transfer 
were made on the same simple assumptions as Sagan had made in his 
works. Moreover, the failure to take account of cooling at X > 20 Um 
in the pure C 0 2  atmosphere under discussion is too great an over- a 
simplification of the real character of radiative transfer in a C02 /214 
medium. 

The clouds obviously should play an important role in the ques- 
tion of heat exchange on Venus. The first attempt to take their 
effect on the distribution of radiative fluxes into consideration was 
undertaken in 1964 by Ohring and Mariano [439] ,  who concluded that 
if condensed clouds were present, a much lower opacity of the sub- 
cloud atmosphere is required. However, in so concluding, they as- 
sumed at the same time that there is an adiabatic temperature gra- 
dient throughout the atmosphere; and it is hardly possible to 
reconcile the existence of such a gradient with notions about the 
moderate opacity of gas for heat radiation with a simultaneous high 
temperature gradient. 

"gray" planetary atmosphere has been done by Wildt [546],  who for 
the planetary source function B ( ~ , p ) ,  the function that determines 
the local energy balance at strict radiative equilibrium, obtained 
an overall solution in the form of the sums of the solution of the 
homogeneous Milne equation and the Neuman solution with the ex- 
ponential term: 

The most rigorous examination of the greenhouse effect in a 

J i a ~  I S )  - ,  ~i I I. 1 , ;  1 -- ( V . 1 )  
1 ORIGINAL PAGE lS 

OF POOR QUALITY 
where n = K ~ / K ~  is the ratio of the gray absorption coefficients f o r  
solar and heat radiation that forms an angle 8 = arccos p with the 
normal to the surface of an infinitely thick flatly-stratified at- 

mosphere; r \ x ( f ' (  -- is the optical thickness reckoned from the 
upper boundary of the atmosphere; .rrS and ITF are the solar and in- 
ternal heat fluxes respectively of the planet; f(T) = T + U(T) is 
the normalized solution of the homogeneous Milne equation; and 
g(T, n/v )is the normalized Neumann solution of the nonhomogeneous 
Hopfe equation: 

Wildt obtained the temperature dependence of the atmosphere as 
functions of a) the degree of intensity of t h e  greenhouse effect as 
defined by parameter n and b) the character of the angular distri- 
bution of the radiation field as defined by t h e  value v .  According 
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t o  these c a l c u l a t i o n s ,  a n  example of which i s  shown i n  F i g .  7 6 ,  
for p = 0.50 t h e  s u r f a c e  t e m p e r a t u r e  t h a t  co r re sponds  approx ima te ly  
t o  t h e  r a d i o  b r i g h t n e s s  t e m p e r a t u r e  o f  Venus i s  r eached  i n  t h e  r a n g e  
l o g  n from 2 . 5  t o  3 .0  a t  v a l u e s  of  T between 1 0 0  and 5 0 0 .  

The p o s s i b i l i t y  o f  a t t a i n i n g  such  s u b s t a n t i a l  o p a c i t y  f o r  hea t  
r a d i a t i o n  i n  the Venusian a tmosphere ,  t o g e t h e r  w i t h  t h e  n e c e s s a r y  
t r a n s p a r e n c y  i n  t h e  v i s i b l e  r e g i o n  of t h e  spec t rum,  has been sub- 
j e c t e d  t o  doubt  more t h a n  once .  The s t r o n g e s t  argument a g a i n s t  t h e  
greenhouse  model i s  t h e  p o s s i b l e  p r e s e n c e  o f  a e r o s o l s  -- i f  there  
i s  a large a e r o s o l  c o n t e n t  i n  t h e  a tmosphere ,  s o l a r  r a d i a t i o n  w i l l  
n o t  r e a c h  t h e  s u r f a c e  o f  t h e  p l a n e t .  T h i s  argument has g i v e n  r i s e  to 
t h e  a e o l o s p h e r i c  model, which Opik proposed  i n  1961 [ 4 4 0 ] .  According 
t o  t h i s  model, s o l a r  e n e r g y  i s  abso rbed  i n  t h e  upper  r e g i o n s  of  a n  
a tmosphere  i n  c o n v e c t i v e  e q u i l i b r i u m  and i s  t r a n s m i t t e d  t o  t h e  p l a n e -  
t a r y  s u r f a c e  by t h e  f r i c t i o n  between i t  and d u s t  p a r t i c l e s  d u r i n g  
wind movements. Convect ion  a s s u r e s  t h a t  t h e  r equ i r ed .  number o f  
d u s t  p a r t i c l e s  ( c a l c i u m  and magnesium c a r b o n a t e s )  i s  m a i n t a i n e d  i n  
a n i t r o g e n - c a r b o n  d i o x i d e  a tmosphere .  I n  t h e  p r o c e s s ,  t h e  r a d i o  
b r i g h t n e s s  t e m p e r a t u r e ,  i f  i t  r e l a t e s  t o  t h e  s u r f a c e ,  shou ld  n o t  
r e v e a l  a dependence on phase.  

The obvious  d i f f i c u l t y  w i t h  t h e  /216 , ,  
1 ' I  ORrGmAL m a e o l o s p h e r i c  model was t h a t  i n  t h e  

OF POOR Quarry r e g i o n a l  t h e o r y  t h e  a b s o r p t i o n  Of  . .> 

F i g .  7 6 .  S u r f a c e  a tmosphe r i c  
t e m p e r a t u r e  normal ized  t o  the  
e f f e c t i v e  t e m p e r a t u r e  of  t he  
p l a n e t  v s .  l o g  n a t  u = 0.50 
f o r  v a l u e s  of  o p t i c a l  t h i c k -  
n e s s  T a c c o r d i n g  t o  C546-J. 

s o l a r  r a d i a t i o n  a t  t h e  upper  bound- 
a r y  of t h e  atmosphere presumes 
( i s o t h e r m a l  e q u l l i b r i u m  i n  t h e  atmos- 
phe re )  and the absence of r a d i a t i v e  heat  
f l u x  a t  lower a l t i t u d e s .  The 
r equ i r emen t  o f  c o n v e c t i v e  e q u i l i b r i u m  
shou ld  r e s u l t  i n  t h e  t r a n s f e r  o f  ab- 
so rbed  ene rgy  t o  lower - ly ing  l aye r s  
due t o  c o n v e c t i v e  heat exchange;  i t  
shou ld  a l s o  result i n  t h e  e s t a b l i s h -  
ment of a t e m p e r a t u r e  p r o f i l e  close 
t o  t h e  a d i a b a t i c  down t o  t h e  s u r f a c e .  
From t h i s  s t a n d p o i n t ,  t h e  a d d i t i o n  
of a n o t h e r  s o u r c e  o f  h e a t  r e l e a s e  
due t o  f r i c t i o n  can  t u r n  o u t  t o  be 
i n s i g n i f i c a n t .  

The r e g i o n a l  t h e o r y  examines 
t h e  exchange o f  ene rgy  i n  a l i m i t e d  
volume ( f o r  example,  w i t h i n  a column 
o f  gas of u n i t  c r o s s  s e c t i o n ) ,  and i n  
so  d o i n g ,  disregards t h e  e f f e c t s  o f  
g l o b a l  c i r c u l a t i o n .  Such a n  approach  
was f r u i t f u l  f o r  t h e  Ea r th ' s  atmosphere,  
where g l o b a l  c i r c u l a t i o n  i n f l u e n c e s  
main ly  t e m p e r a t u r e  i n  the area n e a r  
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the  s u r f a c e  (on t h e  o r d e r  of 50 m t h i c k ,  where,  a c c o r d i n g  t o  [50] ,  
t h e  g r e a t e s t  d a i l y  t e m p e r a t u r e  v a r i a t i o n s  t a k e  p l a c e ) .  However, i t  
can  p l a y  a v e r y  i m p o r t a n t  r o l e  th roughout  t h e  e n t i r e  d e p t h  o f  t h e  
a tmosphe r i c  g a s ,  p rov ided  t h a t ,  because  of o p a c i t y  for shor twave  
r a d i a t i o n ,  s o l a r  r a d i a t i o n  i s  absorbed  i n a  compara t ive ly  narrow 
l a y e r  o f  t h e  a tmosphere  n e a r  t h e  s u b s o l a r  p o i n t .  

Goody and  Robinson E3211 have t a k e n  these c o n s i d e r a t i o n s  i n t o  
accoun t  and have a t t e m p t e d  t o  g e t  around t h e  d i f f i c u l t i e s  a s s o c i a t e d  
w i t h  t h e  a e o l o s p h e r i c  model;  t h e y  have o f f e r e d  t h e i r  own model of 
deep  c i r c u l a t i o n  i n  t h e  Venus a tmosphere ,  h e r e i n  u s i n g  t h e  ana logy  
w i t h  t h e  c i r c u l a t i o n  o f  t h e  E a r t h ' s  oceans .  I n  t h i s  model,  t h e  
s o l a r  ene rgy  abso rbed  "at  t he  t o p "  of  a s u n l i t  a tmosphere  i s  t rans-  
f e r r ed  t o  t h e  n i g h t  s i d e  b y  l a r g e  s c a l e  movements. The f low o f  
g a s  i n t o  t h e  r e g i o n  o f  t h e  a n t i s o l a r  p o i n t  and i t s  f low away from 
t h e  s u b s o l a r  p o i n t  c a u s e ,  a c c o r d i n g l y ,  a d i a b a t i c  h e a t i n g  and c o o l -  
i n g  o f  t h e  gas a n d ,  c o n s e q u e n t l y ,  t h e  e s t a b l i s h m e n t  of an  a d i a b a t i c  
t e m p e r a t u r e  g r a d i e n t  i n  t h e  a tmosphere ,  t h e  d e p t h  o f  which i s  de t e r -  
mined by  t h e  s u r f a c e  t e m p e r a t u r e .  That such  a model i s  p o s s i b l e  
was conf i rmed by r a t h e r  p e r s u a s i v e  c a l c u l a t i o n s  based  on a n  examina- 
t i o n  o f  a s y s t e m  o f  two-dimensional  hydrodynamic e q u a t i o n s  f o r  un- 
compressible viscous gas i n  t h e  Boussinesq approx ima t ion .  La te r ,  /217  
Goody and Robinson used t h e  same f o r m u l a t i o n  t o  examine t h e  problem 
o f  c i r c u l a t i o n  i n  a m e r i d i a n a l  d i r e c t i o n ,  because  o f  which t h e  tem- 
p e r a t u r e s  of t h e  e q u a t o r i a l  and p o l a r  r e g i o n s  are e q u a l i z e d  [3241. 

The Goody-Robinson and Opik models b e g i n  w i t h  t h e  r a t h e r  g r o s s  
a s sumpt ion  t h a t  s o l a r  r a d i a t i o n  i s  absorbed  i n  a narrow l a y e r  i n  t h e  
a tmosphere  a t  g r e a t  a l t i t u d e s  ( a t  t h e  l e v e l  o f  t h e  c l o u d s ) .  b t t h e c a l -  
c u l a t i o n s  of Samuelson [484, 4853 and P o l l a c k  [4631 have c o n t r a d i c t e d  
t h i s  a s sumpt ion .  Samuelson s t u d i e d  t h e  r a d i a t i v e  t r a n s f e r  i n  a n  
a tmosphere  t h a t  was i n  r a d i a t i v e  e q u i l i b r i u m  and ' 'gray' '  i n  two spec-  
t r a l  r e g i o n s  o f  v i s i b l e  and thermal r a d i a t i o n .  The v a l u e s  of  t h e  
s i n g l e  s c a t t e r i n g  a lbedo ,which  were based on data  from O p t i c a l  

= 0 .989  (weak a b s o r p t i o n  i n  t h e  v i s u a l  g i o n ,  a c c o r d i n g  t o  t h e  
e s t i m a t e s  o f  Sobolev  [145 ,  1 4 7 ,  1481)and u$' = 0 . 2  ( s t r o n g  a b s o r p t i o n  
i n  t h e  i n f r a r e d  r e g i o n ) .  I n  s u c h  a model,  s o l a r  r a d i a t i o n  p e n e t r a t e s  
deep i n t o  t h e  a tmosphere ,  t h e  e x i s t e n c e  o f  a c loud  l a y e r  no twi th -  
s t a n d i n g .  To b e  s u r e ,  t h e  l i m i t i n g  s u r f a c e  t e m p e r a t u r e ,  which i s  
r e a c h e d  due t o  t h e  "greenhouse"  e f f e c t ,  i n  t h i s  c a s e  t u r n e d  o u t  t o '  
b e  no h i g h e r  t h a n  550'K. The r e a s o n  f o r  t h e  d i s c r e p a n c y  between 
t h i s  and t h e  h i g h e r  v a l u e s  o f  r a d i o  b r i g h t n e s s  tempera  u r e s  can  be  
r e l a t e d  b o t h  t o  t h e  f a c t  t h a t  t h e  e f f e c t i v e  v a l u e  o f  w o  i s  v e r y  
c l o s e  t o  1 f o r  t h e  e n t i r e  t h i c k n e s s  o f  t h e  a tmosphere  and t o  t h e  
l a r g e  e l o n g a t i o n  of t h e  phase  f u n c t i o n  i n t o  t h e  forward  hemisphere  
when d u s t  p a r t i c l e s  are p r e s e n t .  

o b s e r v a t i o n s  of Venus, were t a k e n  t o  be  e q u a l  t o  

I 

6 

P o l l a c k  C4621 c a r r i e d  o u t  t h e  o p p o s i t e  t a s k  o f  t h e  t h e o r y  o f  
t r a n s f e r  i n  o r d e r  t o  de t e rmine  C O Z Y  H20 and N 
h e a t  Venus t o  a t e m p e r a t u r e  on t h e  o r d e r  of 750'K. 

q u a n t i t i e s  needed t o  
By so  do ing ,  
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he de te rmined  t h e  t e m p e r a t u r e  g r a d i e n t  i n  t h e  a tmosphere  from t h e  
s u r f a c e  t o  t h e  bot tom o f  t h e  c l o u d s .  A s  f o r  t h e  f l u x  o f  t h e  s o l a r  
r a d i a n t  ene rgy  i n c i d e n t  on t h e  t o p  of  a f l a t l y - s t r a t i f i e d  a tmosphere ,  
t h e  v a l u e  o f  t h i s  f l u x  was c o r r e c t e d  for t h a t  p o r t i o n  of  t h e  radia- 
t i o n  t h a t  pas sed  th rough  t h e  c l o u d s  and t h e  lower - ly ing  m o l e c u l a r  
s u b l a y e r .  These c o r r e c t i o n s  t o o k  account  of s c a t t e r i n g  and a b s o r p t i o n  
b y  - c l o u d  p a r t i c l e s ,  which were assumed t o  be  i c e  s p h e r e s  w i t h  
r = 7 . 5  pm; t h e  c o r r e s p o n d i n g  a b s o r p t i o n  c o e f f i c i e n t s  were computed 
by I r v i n e  and P o l l a c k  by u s i n g  t h e  Mie t h e o r y  [ 3 5 6 ] .  I n  o r d e r  t o  
de t e rmine  t h e  amount o f  gaseous  a b s o r p t i o n  i n  t h e  v i s i b l e  r e g i o n  
from t h e  uppe r  boundary of t he  atmosphere t o  t he  i n t e r v e n i n g  l a y e r  
h = h/n ( a t  n = 13) c h a r a c t e r i z e d  by t h e  o p t i c a l  mass o f  g a s  a l o n g  
tRe l i n e  o f  s i g h t  W[hn(t)] ,  computa t ions  were made o f  t h e  e q u i v a l e n t  
w i d t h  o f  t h e  a b s o r b i n g  band o r  s e v e r a l  n e i g h b o r i n g  bands i n  a r a n g e  
o f  wave numbers Av. To accoun t  f o r  p o s s i b l e  o v e r l a p p i n g ,  a q u a d r a t i c  
d i s t r i b u t i o n  o f  a b s o r p t i o n  b y  wave number was assumed, 

TABLE 15 .  SOURCES OF SOLAR R A D I A T I O N  ATTEMUATION I N  THE 
VENUSIAN ATMOSPHERE ( A C C O R D I N G  TO [ 4 6 3 ] )  

-- 1218  

-, - -  ... . - - . . . . - - - -  .. . . .. -. . . . . 

Although c a l c u l a t i o n s  o f  t h e  profiles of a t t e n u a t e d  solar 
r a d i a t i o n  and  s p e c t r a l  t r a n s p a r e n c y  i n  t h e  v i s i b l e  and n e a r  i n f r a -  
r e d  r e g i o n s  were made w i t h  r e g a r d  t o  an  expec ted  n i t r o g e n  a tmosphere  
of Venus (a t  fCO 
p r e s s u r e s  Ps = 15, 75 and 300 atm, tge r e s u l t s  ( a c c o r d i n g  t o  C4621) 
h o l d  t r u e  for a C02 a tmosphere ,  p rov ided  t h a t  a c c e p t e d  values Ps 
are reduced  by about  1 . 5  times. 

= 0 . 1  - 10% and f H  = 0.01 - 0.1%) f o r  s u r f a c e  
2 

These r e s u l t s  are  p a r t l y  r ep roduced  i n  T a b l e  1 5  for two v a l u e s  
o f  the o p t i c a l  t h i c k n e s s  o f  t h e  c l o u d s ,  T~ = 18  and T~ = 43,  which 
co r re spond  t o  t h e  estimates of Sagan and P o l l a c k  [ 4 7 9 ] .  The va lues  
$ ( a ) ,  $ ( c > ,  $(g> and $(x) d e s i g n a t e  t h e  f r a c t i o n s  of  solar radia- 
t i o n  abso rbed ,  r e s p e c t i v e l y ,  by t h e  a tmosphere ;  by t h e  a e r o s o l s  o f  
t h e  c l o u d s ;  by t h e  s u r f a c e ;  and  by an u n i d e n t i f i e d  a b s o r b e r  above 
t h e  v i s i b l e  c l o u d s ,  a n  a b s o r b e r  that i s  e f f e c t i v e  main ly  i n  t h e  u l -  
t r a v i o l e t  reg ion  of t h e  spec t rum.  $ ' ( c )  i s  t o t a l  a b s o r p t i o n  i n  t h e  /219 
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clouds (by aerosols and gases); and $'(a) and $"(a) characterize 
absorption in the atmosphere above and below the clouds, respectively. 
Obviously, the total absorption is made up of $'(a), @"(a), 
$(c), @(XI and $(g). 

TABLE 16. REGIONS OF SPECTRAL TRANSPARENCY IN THE 
VENUSIAN ATMOSPHERE (ACCORDING TO C4631). 

_ . . .  . 

h l ,  um 
P, = 10 atm P, = 200 atm 

Data on spectral transparency ( T a b l e  16) allow the assumption 
that although a large region in the range of X A  = 0.7 to 1 pm is 
overlapped by the atmosphere and the clouds, nonetheless, an ap- 
preciable portion of solar energy near the maximum of the Planck 
intensity curve I(A) (at T = 6 0 0 0 ~ ~ )  should reach the planetary 
surface. Calculations also showed that in order to assure the 
opacity required to obtain high values of Ts and Ps due to the 
"greenhouse" effect, the atmospheric parameters at the level of the 
clouds should have a substantial impact. Fig. 77 shows the relation 
between surface pressure and pressure at the cloud tops PUG vs fH20 
f o r  97% and 75% C 0 2 .  
dient in the clouds, the dashed line is a wet adiabat. At the most 
probab le  values fco  = 0.97, Ps = 100  a t m ,  and  with a wet a d i a b a t i c  

0.005-0.01, which is compatible with ?he data from the Venera measure- 
ments and with the estimates of parameters at the level of H20 
clouds given in Section IV.7. 

The solid lines assume a dry adiabatic gra- 

gradient, Puc = 0.220.3 atm. Here fH 0 is within the limits / 220  

Pollack's calculations are undoubtedly interesting, even though 
they are based on a number of assumptions, primarily those related 
to the structure of the atmosphere and to the radiative transfer 
coefficients (transmission functions) of the medium. Therefore, 
this attractive conception that the conditions of the "greenhouse" 
model may indeed occur has remained hypothetical, as has its opposite, 
on which the Goody-Robinson model is based. 

The doubts about whether it is possible to reach the necessary 
atmospheric transparency in the visible region have l e d  to the idea 
that surface heatir,; is due to radioactive decay in the interior 
of the planet. Kuz'min has advanced a similar hypothesis [ 8 4 ] ,  
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and Hansen and Matsushima [ 3 3 2 ]  have examined it in more detail. 
If one begins by solving the heat conductivity equation in soil 
with parameters that correspond to those on Earth, then, in order 

to reach a high surface tem- 
perature, an unrealistically 

in the near-surface layer has 
to be assumed. In the var- 
ious estimates of the heat 
flux from t h e  interior (se- 
vera1 orders of magnitude 
less than solar flux, but 
noticeably more than for 
the Earth, where the 
value is - 50  erg*cm-yeizc"l 
[ 2 8 1 ) ,  the required heating 
of the surface can be reached 
from the condition of heat 
balance with the atmosphere 
only if the atmosphere is 

, I  

-- high temperature gradient 

-- / 2 2 1  

highly transparent , which in 
is a significant concentration 
of aerosols. However, this 

Fig. 77 .  Pressure at the Venusian turn is attained only if there 
cloud tops vs surface pressure Ps 
and mixing ratio fH [4631.  

3 
L requirement is difficult to 

reconcile with the observed 

temperatures and with radar 
'' spectrum of radilo brightness 

cross sections C4641. The results of theoretical calculations have 
also contradicted notions about uniform dust distribution in the 
troposphere and the localization of aerosols near the surface. More- 
over, maintaining the necessary amount of dust requires mixing, which 
in a state of equilibrium cannot be realized within the framework 
of such a model. Therefore, the model of radioactive heating was 
itself rather contrived and has essentially given way, from the point 
of view of physical validity, to "greenhouse" or circulation m o d e l s .  

The direct measurements of the Venera spacecraft have op_e_ned 
up the possibility of modelling heat exchange in the Venusian at- 
mosphere, a procedure which can now begin with factual values of 
gaseous parameters and measured temperature and pressure profiles 
and need not resort to hypothetical models of atmospheric structure. 
This has enabled a much better understanding of the characteristic 
features of the planet's thermal regime, and it has allowed us to 
obtain a number of important quantitative estimates. 
works of  Avduyevskiy et al. [ 2  5, 1881, Strelkov [151], Strelkov 
and Kukharskaya [152] ,  Sagan C4821, and Ginzburg and Feygel'son 
[4ll have made a detailed examination of the "greenhouse" mechanism 
and have attempted to calculate radiative heat transfer in "non- 
gray" and "window-gray" approximations (i.e. , with a choice of in- 
dividual spectral intervals for a C02-H20 mixture that presumably 
possesses the least opacity f o r  heat radiation). 

The recent 



Unfortunately, there are few data on C 0 2  and H20 absorption 
characteristics at high pressures and high temperatures, and this 
has reduced the reliability of the quantitative estimates obtained. 
This is particularly true of carbon dloxide. 

mission function computed theoretically by Plass et al. [451, 4533 
and Stull et al. E5221 for spectral intervals 50-100 cm-1 wide in 
the region of wave numbers from 1000 to 5000 em-1 in a wide range 
of gas densities along the optical path, but at P = 1 atm and 
T = 300°K. A number of works have also used data on CO absorption 
coefficients in individual bands ( A X  =15, 4.3, 2 . 7 ,  2 .06  pm) in a 
broader range of temperatures as according to [ l o ,  2 2 7 ,  3 0 0 ,  4071.  
The matter is slightly simpler with regard to water vapor, f o r  which 
there are data on absorption coefficients at high temperatures ( ca l -  
culated'by Ferriso et al. [3Ol, 3021, in addition t o  the known 
characteristics of opacity in the long wave region at T = 300'K 
[ 2 6 2 ,  4 4 5 ,  515, 5491. A s  for calculating the dependences of CO 
and H 0 absorption coefficients on pressure by introducing the ?actor 
(P/Po?v(assurning v = 1 throughout the range of pressure change 
P i P = 1 atm), then such an assumption is evidently justified 
only For large masses of gas. Generally speaking, there is no 
unanimity among authors about the choiceof v, since it is known 
that the mean ( by mass) size of the absorption coefficient serves 
as a rough measure of the real absorption capacity of a layer with 
P # const. Specifically, there are indications C348, 462, 4 8 2 1  that 
H20 opacity varies nearly proportionally to the first degree of 
pressure; however, it shows a strong non-linear dependence on the 
quantity of gas along the line of sight. 

There has recently been definite progress in refining the char- 
acteristics of the transfer of long wave radiation; this is of prime 
importance for the problem of the Venusian thermal regime. 
Together with this, the results of the Venera-8 measurements of 
illumination have made it possible to substantiate assumptions about 
the extent of the planetary atmosphere's opacity in the visible re- 
gion, and they have led to specific conclusions with regard to the 
possibility of attaining energy balance within the framework of 
heat exchange models. 

All these calculations have used the wide-band C02 t rans-  I 2 2 2  

We will examine these questions in later sections of this 
chapter . 

Models of thermal equilibrium. The thermodynamics of a plane- 
tary atmosphere are determined by the amount of solar energy at its 
upper boundary, f o r  which the level P = 0 (which assumes a free sur- 
face) is usually used. In the case of Venus, it is convenient to 
take as the upper boundary of the atmosphere the cloud tops (at 

c 

166 



P = 0 . 1  atm) (and t h e  molecular s u b l a y e r ) ,  at which the s i g n i f i c a n t  por t ion  
of t h e  s o l a r  r a d i a t i o n  t h a t  r e a c h e s  t h e  p l a n e t ' s  o r b i t  i s  r e f l e c t e d .  

The thermal ene rgy  emit ted a t  t e m p e r a t u r e s  from - 800°K t o  
200'K i s  c o n c e n t r a t e d  i n  t h e  s p e c t r a l  r e g i o n  from approx ima te ly  2 
t o  80  pm. It i s  p o s s i b l e  t o  a r g u e  t h a t  i n  t h i s  r e g i o n ,  e s p e c i a l l y  
n e a r  t e m p e r a t u r e s  of' 200-300°K, t h e  c l o u d s  (of whatever  condensa te  
that can  be expec ted  on Venus) a re  ex t r eme ly  opaque.  T h e r e f o r e ,  
as no ted  i n  S e c t i o n  I V . l ,  t h e  e f f e c t i v e  t e m p e r a t u r e  of t h e  p l a n e t ' s  
e m i s s i o n  i n t o  space  i s  c l o s e  t o  t h e  e f f e c t i v e  t e m p e r a t u r e  of t h e  
e m i s s i o n  o f  c l o u d s  ( o r  s l i g h t l y  lower ,  because  o f  weak o p a c i t y  i n  
t h e  i n f r a r e d  spec t rum o f  gases above t h e  c l o u d s )  and s a t i s f i e s  t h e  
c o n d i t i o n  of r a d i a t i v e  b a l a n c e  o f  t h e  a tmosphere  a t  t h i s  l e v e l .  
These c o n s i d e r a t i o n s  a re  s u p p o r t e d  by t h e  r e s u l t s  o f  r a d i o m e t r i c  
measurements and a l s o  b y  t h e  absence  on t h e  p l a n e t a r y  disk of in -  
d i v i d u a l  h o t  s p o t s ,  which cou ld  be a t t r i b u t e d  t o  t h e  emis s ion  o f  
l ower - ly ing  r e g i o n s  o f  t h e  Venusian subcloud a tmosphere  [331, 435, 
501, 5023.  Above t h e  c l o u d s ,  t h e  t r a n s p a r e n c y  of  t h e  Venusian a t -  
mosphere i n c r e a s e s ,  e v i d e n t l y  because  of t h e  s e t t l i n g  o f  condensa te  
and t h e  t e m p e r a t u r e  s e n s i t i v i t y  o f  "hot"  C O 2  bands a t  A = 9 . 4  pm 
and A = 10.4  pm. 

It i s  n e c e s s a r y  t o  i n c l u d e  i n  t h e  t h e r m a l  b a l a n c e  b o t h  t h e  p o r -  
t i o n  of t h e  s o l a r  r a d i a t i o n  t h a t  p a s s e s  th rough  t h e  a tmosphere  and 
t h e  r e e m i s s i o n  o f  solar and t h e r m a l  r a d i a t i o n  due t o  r e f l e c t i o n  b y  
t h e  c l o u d s  and t h e  a tmosphere .  Because r a d i a t i o n  p e n e t r a t e s  t h r o u g h  
t h e  c l o u d s ,  t h e  r a d i a t i v e  f l u x  o f  hea t  i n t o  t h e  a tmosphere ,  a n  i n -  
f l u x  tha t  i s  a c o n s t a n t l y  a c t i v e  n o n - a d i a b a t i c  f a c t o r ,  i s  s e c u r e d .  I f  
t he re  i s  a regime o f  r a d i a t i v e  e q u i l i b r i u m  i n  t h e  a tmosphere ,  t h e  
ene rgy  o f  t h e  shor twave  s o l a r  r a d i a t i o n  shou ld  b e  matched a t  each  
l e v e l  by a f l u x  of  o u t g o i n g  r a d i a t i o n ;  i n  c o n d i t i o n s  o f  c o n v e c t i v e  /224 
e q u i l i b r i u m ,  t h e  i n f l u x  of s o l a r  energy  i s  matched a t  e v e r y  l e v e l  
i n  t h e  atmosphere by t h e  t o t a l  h e a t  flux due t o  o u t g o i n g  r a d i a t i o n  
and c o n v e c t i v e  t r a n s f e r .  

-- 

The a b s o r p t i o n  of  s o l a r  energy  as i t  p e n e t r a t e s  i n t o  t h e  a t -  
mosphere shou ld  lead to a heat f l u x  t ha t  varies with sltitude ( i n  
c o n t r a s t  t o  what happens i n  s te l la r  a tmosphe res ,  c f .  [ 5 O ,  1 4 6 ,  4 6 2 1 ) .  
According t o  t h e  l a w  o f  c o n s e r v a t i o n  of e n e r g y ,  t h e  i n t e g r a t e d  ( o v e r  
t h e  spec t rum)  r a d i a t i v e  f l u x  a t  a c e r t a i n  l e v e l  h i n  t h e  a t -  
mosphere,  q ( h ) ,  i s  d i r e c t l y  r e l a t e d  t o  t h e  amount o f  s o l a r  ene rgy  
abso rbed  below t h i s  l e v e l .  I n  s t a t i o n a r y  c o n d i t i o n s  dq/dh = 0 ,  
due t o  t h e  cons t ancy  of t h e  t o t a l  f l u x  v s  d e p t h .  The s p e c t r a l  
r e g i o n s  i n  which t h e  b a s i c  p o r t i o n s  of s o l a r  shor twave  and heat 
r a d i a t i o n  a re  t r a n s f e r r e d  o v e r l a p  s l i g h t l y  and 

where q ( h )  i s  t h e  s o l a r  ene rgy  f l u x  below l e v e l  h averaged  o v e r  
a Venusfan day,  q t ( h )  i s  t h e  heat f l u x  a t  t h i s  l e v e l .  I n  t u r n ,  

( h )  may be p r e s e n t e d  as 9, 
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i . e . ,  t h e  solar ene rgy  abso rbed  by t h e  atmosphere and by t h e  s u r -  
f a c e  below l e v e l  h i s  made up of  t h e  f l u x  o f  s o l a r  r a d i a t i o n  re -  
f l e c t e d  from the l a y e r s  below l e v e l  h and t h e  r a d i a t i o n  t h a t  r e a c h e s  
t h i s  l e v e l  q + ( h ) ,  as w e l l  as t h e  downward luminous f l u x  q - ( h ) .  
ana logous  r e P a t i o n  i s  w r i t t e n  f o r  t h e  h e a t  f l u x  q t ( h ) .  

An 
SPnce 

t ,  , . '  _ _  - 

and t h e  c o n d i t i o n o f  ene rgy  b a l a n c e  a t  t h e  uppe r  boundary of t h e  
a tmosphere  h,: 

'!s I ! j i  , (v .6)  

where q! :qt(h,) and  qz f q,(h,). 
s o l a r  ene rgy  and  t h e  ene rgy  e m i t t e d  b y  t h e  p l a n e t  i n t o  s p a c e  s h o u l d  /Z25  
b e  e q u a l :  

According t o  ( V . 6 1 ,  t h e  abso rbed  

\ , 1, i 1 1 :  ._ . - - ; *  ;r 1,' ( V . 7 )  
ORIGINAL PAGE I8 
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which, 3fter i n t e g r a t i n g  w i t h  r e s p e c t  t o  t h e  e n t i r e  s u r f a c e  
Q = 4lrR , g i v e s  fo rmula  (IV.l), which d e t e r m i n e s  t h e  e f f e c t i v e  t e m -  
p e r a t u r e  Te .  
b r i g h t n e s s  t e m p e r a t u r e s .  For  Venus, Te c o r r e s p o n d s  t o  t h e  maximum /226 
i n  t h e  P lanck  c u r v e  a t  A = 1 2 . 7  pm ( a t  A = 0.77'  C3541). 

It i s  an  ave rage  v a l u e  i n  r e l a t i o n  t o  t h e  s p e c t r a l  

I f  one d i s r e g a r d s  a poss i 'b le  c o n t r i b u t i o n  by i n t e r n a l  heat 
s o u r c e s ,  t h e  t y p e  of  h e a t  exchange i n  t h e  t r o p o s p h e r e  depends on 
what p o r t i o n  of t h e  s o l a r  ene rgy  i s  absorbed  by t h e  a tmosphere  and  
t h e  s u r f a c e ,  The d i ag rams  i n  F i g .  78 show t h i s  g r a p h i c a l l y .  Fo r  
e a c h  o f  t h e s e  d i ag rams ,  it i s  assumed t h a t  t h e r e  a r e  no ene rgy  
l o s s e s  of  t h e  lower  a tmosphere  t o  r a d i a t i o n  ( a t  t h e  upper  boundary 
d i v  q(h,) = 0 ) .  

0 Diagrams a and  b are  c a s e s  i n  which t h e  s o l a r  r a d i a t i o n  q, 

r e a c h e s  t h e  s u r f a c e ,  i . e . ,  qs = qo = q -  (1 - A)/'-!, where q 
Diagram a ( r a d i a t i v e  e q u i l i b r i u m )  c o r r e s p o n d s  t o  ? t h e  
c o n d i t i o n  aq/ah = 0 ,  i f  (aT/ah)  = (aT/ah),,d. I n  t h i s  c a s e  t h e  
e n t i r e  area below l e v e l  hf9 i s  f i l l e d  w i t h  e q u i l i b r i u m  r a d i a t i o n .  
The f i e l d  o f  e q u i l i b r i u m  r a d i a t i o n  i s  i s o t r o p i c  a t  any p o i n t  o f  
t h e  body, and the f l u x  of  r a d i a t i o n  [571  

tha t  i s  n o t  r e f l e c t e d  o f f  t h e  uppe r  boundary o f  t h e  a tmosphere  h, 2 
= Eo/a . 

A 
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Diagram t (convective 

the condition aq/ah # 0, 
when at/ h = (aT/aha 
q(h) < q . 
t h e  surface should be larger 
than in conditions of radia- 

T,, i.e., q: > qg if Tg = T $ .  

A 1 equilibrium) corresponds to 

and 
We note ghat, 8 

1 

HIE ! CHE with convection, the quantity 
I of solar energy absorbed by ,/ 

,, 
c tive equilibrium at the same ~ 'i CHE 

1 
Diagram c corresponds to 

the limiting case, when solar 
radiation in the visible region 
does not reach the surface and 
is entirely absorbed near the 
upper boundary of the atmo- 
sphere (qs = 0 )  ; given this, 
the deep circulation model of 
Goody and Robinson is possible 
(cf. p. 161 1 .  Diagram d cor- 
responds to an intermediate 
case, when solar radiation is 

Fig. 78. Diagrams illustrating the attenuated more or less uni-' 
possibility of models of heat equi- fOrmlY throughout the entire 
librium in the Venusian troposphere: thickness of th atmosphere 

atmosphere transparent in the Vi- also corresponds to an i n t e r -  
sible region; b -- convective equi- mediate case, when absorption 
librium in an atmosphere transpar- takes place only in the Gloud 
ent in the visible region; C -- layer Ahc,so that q; < q or 
deep circulation model; d -- Fa- when, after the main absorp- 
diatlve-convective heat exchange tion has taken place in the 
if uniform absorption Of Solar clouds, a certain additional 
radiation by the atmosphere and 
c l o u d s ;  e -- radiative-convective takes place ( q i  < q &  < q ) .  
heat exchange if non-uniform ab- 
sorption of solar radiation by the 
atmosphere and clouds; RHE is ra- cases for corresponding regions, 
diative heat exchange; CHE i s  con- the field Of radiation is a l s o  
vective heat exchange; CCHE 1s  isotropic. The difference with 
convective-circulatory heat ex- variant (a) is that when solar 
change; and Ci is circuhition. radiation does not reach the 

about a cording to the actual profile of the a t  enuated radiation 

tentatively by the dashed line in diagram a, will correspond to a 
regime of radiative equilibrium. 
energy in the atmosphere (diagrams c m d  d), an additional equaliza- 
tion of values of heat flux near h, a!ld the surface temperature can 

/ 

* 

a -- radiative equilibrium in an and when qs < q 8 . Diagram e 

attenuation in the atmos here f3 
In all these intermediate / 227  

surface at all, heat equilibrium 
in t h e  atmosphere should come 

q,, < qb,  which is shown 
qsr < 9 s . Specifically, the curve q, = 

With partial absorption of solar 
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o c c u r  due t o  a d v e c t i v e  t r a n s f e r  w i t h  l a r g e - s c a l e  c i r c u l a t i o n  -- 
t o ’ w h i c h  diagram c c o r r e s p o n d s  i n  t h e  l i m i t .  It i s  n a t u r a l  t h a t  
o t h e r  c a s e s  can i n  p r i n c i p l e  be r e a l i z e d ,  fclr example a n  a v e r a g e  
between a and C o r  between c and d .  

Taking  the  v a r i o u s  c o n t r i b u t i o n s  o f  i n d i v i d u a l  members i n t o  
account  (and e q u a t i n g  them t o  zero i n  l i m i t i n g  c a s e s ) ,  e a c h  d i a -  
gram i n  F i g .  78 w i l l  cor respond t o  the l o c a l  energy  b a l a n c e  
e q u a t i o n  a t  t h e  s u r f a c e  of t h e  p l a n e t ,  t h e  e q u a t i o n  which follows 
from ( V . 3 )  i n  t h e  f o r m :  

c’ 7 ;n-, 4 v j  - ‘T-. 
. V L  ... 2 -L1 I d  

where q and q a r e  t h e  r a d i a t i v e  h e a t  f l u x e s  from g a s  i n  t h e  
v i s i b l e  and i n f g a r e d  r e g i o n s ,  r e s p e l 2 t i v e l y ;  E: and E: a re  t h e  emis- 
s i o n  c o e f f i c i e n t s  of t h e  s u r f a c e  i n  t h e  same r e g i o n s ;  T, i s  t he  
s u r f a c e  t e m p e r a t u r e ;  and qc and qcl a r e  t h e  e f f e c t i v e  h e a t  f l u x e s  
due t o  f r ee  c o n v e c t i o n  and t o  f o r c e d  c o n v e c t i o n  connec ted  w i t h  
c i r c u l a t i o n .  

gv 

Several characteristics of heat exchange. The thermal pro- 
p e r t i e s  of t h e  atmosphere are  t o  a l a r g e  d e g r e e  de te rmined  by 
mot ions  of v a r i o u s  d imens ions .  I n  s l o b a l  hea t  exchange,  t h e  
c i r c u l a t i o n  t h a t  a r i ses  as a r e s u l t  of‘ i n s t a b i l i t y  i n  t h e  r a d i a -  
t i v e  e q u i l i b r i u m  s t a t e  o f  a m o t i o n l e s s  a tmosphere and as  a r e s u l t  
of l a t i t u d i n a l  and l o g i t u d i n a l  v a r i a t i o n s  i n  t h e  amount o f  inso-  
l a t i o n  p l a y  t h e  main r o l e .  A regime of p o l a r - s y m m e t r i c a l  c i r c u -  
l a t i o n ,  known as a Hadley reg ime,  even a t  v e r y  smal l  v e l o c i t i e s  
o f  a t m o s p h e r i c  motions from t h e  heat s o u r c e  t o  h e a t  s i n k ,  s h o u l d  
b r i n g  a b o u t  a r e s o l u t i o n  of  t h e  m e r i d i a n a l  t e m p e r a t u r e  g r a d i e n t  
and a n  e q u a l i z a t i o n  o f  t h e  t e m p e r a t u r e  f i e l d .  
p l a y  a d e f i n i t e  r o l e  i n  h e a t  exchange between the day and n i g h t  
hernlspheres .  C i r c u l a t i v e  t r a n s f e r  i s  accompanied b y  r a d i a t i v e -  
c o n v e c t i v e  heat exchange. U n f o r t u n a t e l y ,  t h e  s t u d y  of t h e  com- 
p l e x ,  n o n - l i n e a r  s t r u c t u r e  of  e q u a t i o n s  t h a t  d e s c r i b e  t h e  pro-  
c e s s e s  of  l a r g e - s c a l e  c i r c u l a t i o n  e s p e c i a l l y  those that calculate the ’ 

i n s t a b i l i t y  of currents that appear and the essent ia l  time dependence 
o f  t u r b u l e n t  f l u x e s ,  i s  e x t r e m e l y  d i f f i c u l t .  For a s l o w l y  ro- 
t a t i n g  p l a n e t  s u c h  as Venus, C o r i o l i s  f o r c e s  should  e x e r t  b u t  a 
weak i n f l u e n c e  on c i r c u l a t i o n .  E s t i m a t e s  a c c o r d i n g  t o  t h e  v a l u e  
o f  t h e  Rossby number 1 \ 1 1  ----- show t h a t  f o r  f l u x e s  on a 
p l a n e t a r y  s c a l e  (L - R I 
Ro = 5 - 1 0 ,  and t h e  c o n d i t i o n  of g e o s t r o p h i c i t y  Ro < <  1 is 
n o t  m e t . 2  T h e r e f o r e ,  t h e  main c o n t r i b u t i o n  t o  heat t r a n s f e r  due 
t o  c i r c u l a t i o n  on Venus should  come from n o n - l i n e a r  a d v e c t i v e  
terms. ( c f .  C3251). 

Zonal c u r r e n t s  can  /228 

i n  m i d d l e  l a t i t u d e s ,  . ’ - I  . I l l .  

9 
? 

For  E a r t h ,  Roe = 0 . 1 .  
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S e v e r a l  works have been devoted  t o  a t h e o r e t i c a l  examina t ion  
o f  c i r c u l a t i o n  i n  t h e  Venus atmosphere;  t h e s e  works d e s c r i b e  t h e  
s t r u c t u r e  o f  m e t e o r o l o g i c a l  f i e l d s  e i t h e r  on t h e  basis o f  t h e  
q u a s i - s t a t i c  approx ima t ion  of e q u a t i o n s  o f  motion ( h e r e  t h e  a t -  
mosphere's  own thermal i n s t a b i l i t y  I s  f i l t e r e d )  o r  b y  u s i n g  dimen- 
s i o n l e s s  numbers, which were o r i g i n a l l y  deve loped  t o  d e s c r i b e  t h e  
r e g u l a r i t y  o f  mot ion  i n  t h e  E a r t h ' s  a tmosphere .  

G o l i t s y n  [ 4 3 , 4 4 ,  5741,  u s i n g  t h e  methods o f  s i m i l a r i t y  
t h e o r y  and d i m e n s i o n a l i t y  and a s s i g n i n g  g l o b a l  p a r a m e t e r s  such  as 
a l b e d o ,  solar c o n s t a n t ,  a tmosphe r i c  mass e t c . ,  e s t i m a t e d  t h e  
c h a r a c t e r i s t i c  v e l o c i t y  of motion i n  t h e  Venusian t r o p o s p h e r e  as 
v - 1 m/sec. T h i s  estimate,  which i s  n o t  r e l a t e d  t o  t h e  assump- 
t i o n s  t h a t  unavo idab ly  accompany t h e o r e t i c a l  models o f  c i r c u l a t i o n ,  
i s  r a t h e r  r e a l i s t i c .  As we have seen  ( c f .  S e c t i o n  I V . 6 ) ,  i t  i s  i n  
good agreement  w i t h  t h e  measured v e l . o c i t i e s  of  h o r i z o n t a l  motion 
i n  t h e  lower t r o p o s p h e r e  of Venus. 

It i s  d i f f i c u l t  a t  p r e s e n t  t o  g l v e  p r e f e r e n c e  t o  any one 
t h e o r e t i c a l  model deve loped  w i t h  r e g a r d  t o  t h e  f e a t u r e s  o f  g l o b a l  
c i r c u l a t i o n  on Venus. It i s  e v i d e n t ,  however,  t h a t  t h e  mechanism 
o f  c i r c u l a t i o n  i s  n o t  ax isymmetr ic .  

I n  t h e  a fo remen t ioned  Goody-Robinson "deep" c i r c u l a t i o n  model 
[321, 3243, i t  i s  shown t h a t  motion i n  t h e  upper  t r o p o s p h e r e  shou ld  
b e  f rom t h e  s u b s o l a r  p o i n t  t o  t h e  a n t i s o l a r  poLnt o r  from t h e  
e q u a t o r  t o  t h e  p o l e  a t  a c h a r a c t e r i s t i c  v e l o c i t y  of v = 30 m/sec. 
I n  S t o n e ' s  estimate [519] for a s imilar  schema o f  c i r c u l a t i o n ,  
v = 5 m/sec. I n  t h e  lower a tmosphere ,  motion o c c u r s  w i t h  a much 
lower  v e l o c i t y  from t h e  a n t i s o l a r  p o i n t  t o  t h e  s u b s o l a r  p o i n t  o r  

a l l  t h e r m a l  and dynamic v a l u e s  l e d  t o  t h e  c o n c l u s i o n  t h a t  t h e  
i n t e r n a l  v e r t i c a l  f l u x  i s  a d i a b a t i c  down t o  the surface due t o  
t u r b u l e n t  mix ing  caused  by t h e  c l r c u l a t i o n  o f  t h e  deep l a y e r s .  
However, Hess C3451 has c a s t  doubt  on t.he e x i s t e n c e  of  such  t u r -  
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from t h e  p o l e  t o  t h e  e q u a t o r .  3 A d i m e n s i o n l e s s  a n a l y s i s  based on 

bu lence  in the lower l a y e r  of t h e  atmosphere.  

Z i l i t inkevich  e t  a l . ' s  numer i ca l  expe r imen t s  i n  m o d e l l i n  cir- 
c u l a t i o n  i n  a two- l eve l  model o f  t h e  Venusian a tmosphere  [ 5  , 
r e s u l t  i n  a r e l a t i v e l y  s i m p l e  two-ce l l ed  schema, where in  t h e  low- 
p r e s s u r e  c e n t e r  i s  on t h e  day s i d e  and s h i f t e d  toward t h e  even ing  
t e r m i n a t o r ;  t h e  h i g h - p r e s s u r e  c e n t e r  i s  on t h e  n i g h t  s i d e  n e a r  t h e  
morning t e r m i n a t o r .  
a tmosphere  i s  abou t  5 m/sec i n  t h i s  schema, which i s  i n  good a g r e e -  
ment w i t h  S t o n e ' s  estimate. 

8 1583 

The c h a r a c t e r i s t i c  wind v e l o c i t y  f o r  t h e  e n t i r e  

3 It i s  h e r e  assumed t h a t  o p a c i t y  i n  t h e  narrow a t m o s p h e r i c  l a y e r  
where the  a b s o r p t i o n  of  s o l a r  ene rgy  takes p l a c e  i s  s o  h i g h  t h a t  
rad ia t ive  and t u r b u l e n t  t r a n s f e r s  can be "pa rame te r i zed"  as  t h e  
p r o c e s s  o f  d i f f u s i o n .  
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The concept  of a z o n a l  f low tha t ,  a p p e a r s  as  a r e s u l t  o f  t h e  
a s y n m e t r i c a l  c o n v e c t i v e  mot ions  r e s u l t i n g  from p e r i o d i c  i n s o l a t i o n  
a t  t h e  upper  boundary o f  t h e  a tmosphere  has been adopted  i n  t h e  
two-dimensional models of Schuber t  and Young [488] and G i e r a s c h  
C3121. These models have i n c l u d e d  t h e  a fo remen t ioned  (Sect ion IV.6)  
r e s u l t s  o f  c i r c u l a t i o n  m o d e l l i n g  i n  f l u i d - f i l l e d  c y l i n d e r s  where 
p e r i o d i c  i n s c l a t i o n  i s  s i m u l a t e d  by a r o t a t i n g  flame [586] ;  i t  
was here d i s c o v e r e d  t h a t  z o n a l  c u r r e n t s  a r o s e  and moved i n  a 
d i r e c t i o n  o p p o s i t e  t o  t h a t  of t h e  flame. 

Malkus [579]  has  examined a th ree -d imens iona l  model and h a s  
concluded  t h a t  i t  i s  p o s s i b l e  for weak, Hadley-type c e l l s  t o  a r i s e  
n e a r  t h e  t o p  of  t h e  t r o p o s p h e r e  and ,  because  o f  t e m p e r a t u r e  con- 
t r a s t s  between t h e  e q u a t o r  and t h e  p o l e s ,  for energy  and a n g u l a r  
momentum t o  be  t r a n s f e r r e d  t o  h i g h  Z a t i t u d e s .  The e x p e r i m e n t a l  
Mariner-10 data  on s p a t i a l  mot ions  can  i n  p r i n c i p l e  b e  compa t ib l e  
w i t h  t h i s  model, p rov ided  t h a t  s u b s t a n t i a l  i n f l u e n c e  o f  a h igh-  
p r e s s u r e  s u b s o l a r  r e g i o n  on t h e  s t r u c t u r e  o f  c i r c u l a t i o n  i s  a l s o  
assumed. The m e r i d i a n a l p r e s s u r e  g r z d i e n t s  t h a t  a r i s e  i n  t h i s  c a s e  
s h o u l d  r e s u l t  i n  t h e  a c c e l e r a t i o n  ( w i t h  i n c r e a s e  i n  l a t i t u d e )  of 
f l o w s  o r t h o g o n a l  t o  i s o b a r i c  s u r f a c e s  -- w i t h  t h e  fo rma t ion  of  
s p i r a l  movements and j e t  streams. Einergy d i s c h a r g e  w i l l  o c c u r  i n  
p o l a r  wh i r lw inds  as a r e s u l t  of t h e  convergence o f  v e l o c i t y  vec-  
t o r s  n e a r  t h e  p o l e s  a t  low p r e s s u r e s  C5811. 

Thus, t h e r e  a r e  c o n c e p t i o n s  t h a t  a n g u l a r  momentum t r a n s f e r  i n  
a m e r i d i a n a l  d i r e c t i o n  s h o u l d  p l a y  an  i m p o r t a n t  r o l e  i n  t h e  dynamics 
o f  t h e  Venusian a tmosphere .  Obvious ly ,  t h e  s t r u c t u r e  o f  t h e  a t -  
mosphere i n  t h e  e q u a t o r i a l  and p o l a r  r e g i o n s  w i l l  be a p p r e c i a b l y  
d i f f e r e n t ,  p a r t i c u l a r l y  i n  terms of t e m p e r a t u r e  p r o f i l e s ,  v e r t i c a l  
and h o r i z o n t a l  v e l o c i t i e s ,  and d i r e c t i o n s  of motion.  F u r t h e r  s t u d y  
o f  t h e s e  f e a t u r e s  w i l l  h e l p  o u r  u n d e r s t a n d i n g  o f  t h e  r e g u l a r i t y  
w i t h  which p resen t -day  c l i m a t i c  c o n d i t i o n s  on t h e  p l a n e t  are formed4 

V e r t i c a l  heat  and mass exchange on a r o t a t i n g  p l a n e t  a r e  de- 
s c r i b e d  b y  t h e  n o n - s t a t i o n a r y  heat  b a l a n c e  e q u a t i o n ,  which es tab-  /231 
l i s h e s  a r e l a t i o n  between t h e  change i n  heat c o n t e n t  p e r  u n i t  vo l -  
ume o f  g a s  and the v e r t i c a l  ene rgy  f l u x e s  r e s u l t i n g  from s o l a r  and  
h e a t  r a d i a t i o n :  

11 
( V . 9 )  ,, I ’  fr,id / , I  / , . 

The works of Mintz [ l l O ,  4 2 9 1  and t h e  monograph o f  G o l i t s y n  C461 
c l o s e l y  examine t h e  s t a t u s  o f  t h e  problem of g e n e r a l  c i r c u l a t i o n  
i n  p l a n e t a r y  a tmospheres .  With r e s p e c t  t o  Venus, t h e  c i r c u l a t i o n  
regime i s  su rveyed  i n  t h e  monograph o f  Burangulov,  Z i l i t i n k e v i c h  
e t  a l .  [ 5 5 4 ] .  I n  t h i s  r e g a r d ,  w e  d e v o t e  o u r  a t t e n t i o n  t o  problems 
o f  c o n v e c t i v e  h e a t  t r a n s f e r  w i t h i n  t h e  framework o f  c e l l u l a r  and 
p e n e t r a t i v e  c o n v e c t i o n  models ( c f .  S e c t i o n  V . 5 ) .  I n  s o  d o i n g ,  
these models shou ld  be  s e e n  as mechanisms t h a t  can  take  p l a c e  on 
Venus, no t  as r e p r e s e n t a t i o n s  of t h e  a c t u a l  s i t u a t i o n  i n  t h e  
Venusian a tmosphere .  

a 
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In so doing, the equalization of the temperature field in a hori- 
zontal direction is not figured in (in ( V . 8 )  qc. = 0). 
flux q = div ( A  grad T )  can be determined by solving the radiative 
transfer equation. Into (V.4) may be placed: 

The heat 

where f(h) is the portion of the solar energy absorbed below level 
h C4621. 

The convective term in the left-hand side of ( V . 9 )  is formally 
represented by the expression f o r  free convection: 

(v.10) 

where A?? is the difference between the temperature established in 
a convective atmosphere at velocity V and the temperature with a 
gradient equal to the dry adiabatic. 
(IV.121, and the coefficient of turbulent diffusion C3131. 

ya is determined f r o m  formula 

Here L is the scale of the motion, v is a numerical constant 
( v  N 1.4). 
criterion is met'. 

It is clear that kH = 0 when the following stability 

These relations express the condition of heat transfer due to up- / 2 3 2  
ward free convection in the atmosphere. L - H is customarily 
accepted as a characteristic scale for a deep atmosphere. We 
note that relation (V.10) corresponds to a Fickian dl.ffusion equa- 
tion and describes heat transfer by vortexes whose dimensions are 
small in comparison to L. 
'The Priestley stability criterion --'_ 
this criterion expresses the fact 
tion to the relation between 
stability depends on the characteristic size of the elementary con- 
vective volume R o  and the intensity of turbulent heat exchange with 
the surrounding atmosphere (a and v are the coefficients of tem- 
perature conductivity and viscosity, cl and c 2  are constants that 
depend on the shape of the particles). Hence it follows that as 
Ro decreases, the  v e r t i c a l  temperature grad ien ts  needed f o r  con- 
vection increase -- because of the rapid dissipation of the energy 
of floating motion of small volumes in the processes of turbulent 
mixing. Priestley's theory is applicable outside the boundary layer 
(cf. C174, 263, 4661 for more detail). 

- I --- V - ( l ! '  is more general; 
I that in addi- 

ya and aT/ah, 
, I  

- I  

1 7 3  



If, instead of T, the potential temperature 8 = T(P / P )  R /u  Cp 
0 is introduced, then (V.10) is rewritten in the form 

(V.10') , I (  I (-,- -,;7-, t c , "7 - - 
LJ: iLh '?A <:-AL" 

e / .  !4.,/t9,1 - - y  - < J Zpd .A! 
1 ,  1 I .  . 

where, due to the empirical constant YG Deardorff calls the 
"countergradient" C2641, equalization of the potential temperature 
is achieved at unchanged entropy. As deviations from hydrostatic 
equilibrium appear, this constant essentially expresses the fact 
that aT/ah differs little fron ya ( a small AT) in an unstable con- 
vective region where,, according to Gierasch and Goody [313], the 
condition 
malism . 1 ,  " ' cannot be applied to horizontal heat 
and mass exchange and to angular momentum 
transfer. This can be seen from an examination of meteorological 
processes in the Earth's atmosphere, where turbulent transfer is 
linked to large-scale disturbances such as cyclones and anti- 
cyclones and where satisfactory parameters for the dynamic struc- 
ture of horizontal fields are not found C3251. 

. I 1  , I ! ,  is met. Unfortunately, a similar for- -- < 

In modelling heat exchange, it is useful to make several pre- 
liminary estimates that characterize the thermal inertia of the 
atmosphere and the depth of diurnal temperature variations. It 
is easy to show that, at values of measured parameters of the 
Venusian atmosphere, the difference between temperatures on the /233 
day and niffht sides should be extremely small, which has been noted 
in [117]. In fact, the supply of heat in column of gas of unit 
cross section 

4 2 is I$ = 4 . 2 * d 4  erg*cme2 2 10 
heat loss d ring the Venusian night (tN = 58.4 E a r t h  days) is: 
aT2t = l0ly erg-cm-2 E 24 kcal*crr-2, i.e., it does not exceed 
0.25! of the energy contained in the atmosphere and cannot be very 
pronounced in any way In the heat balance of the planet. The 
maximum di rnal temperature variation in the Venusian lower atmos- 
phere at qo = q? (1 - A)/4 should not exceed -;..L -c I 1, 

kcal-cn? . At the same time, the 

8 6 

- 

Two parameters used to characterize the thermal regime of a 
planetary atmosphere are directly related to these values: the 
time of heat relaxation 

(V. 1 2 )  

It is evident that a similar estimate of the mean diurnal temper- 

, where P, is surface pressure and t is time in days. 
ature variation in the atmosphere is given by the formula AT = 
.>r:t 

1 7  4 
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which c h a r a c t e r i z e s  t h e  t ime s c a l e  o f  t h e  e q u a l i z a t i o n  o f  t e m -  
p e r a t u r e  anomal ies  i n  r e l a t i o n  t o  d i s t u r b a n c e s  from e m i s s i o n  [573, 
5741; and t h e  t ime of  r a d i a t i v e  heat exchange 

r.1 . I 'j , / I / / )  ORIGINAL PAGE I8 (v - 
which i s  t h e  c h a r a c t e r i s t i c  t i m e  s c a l e  fo~!hPew&&!~L~at?;Y,,,fer of 
energy  t h a t  compensates f o r  r a d i a t i v e  losses a t  t he  upper  boundary 
of t h e  atmosphere [398]. Here m i s  t h e  mass p e r  u n i t  column o f  
a tmosphere ,  q ( h )  i s  t h e  r a t e  of c o o l i n g  p e r  u n i t  of mass from a 
l e v e l  on t h e  o r d e r  of  H ,  l . e . ,  c o r r e s p o n d i n g  t o  - 1/3 m. If,  f o r  / 234  
a carbon d i o x i d e  atmosphere,  E: 0 . 1 5  i s  t a k e n  a s  t h e  e f f i c i e n c y  
of r a d i a t i o n ,  t h e n  

(V. 1 3  ' 1 

The v a l u e s  T and T f o r  Venus are  g i v e n  i n  T a b l e  17. For 
p u r p o s e s  o f  edmfiar i so#;P ' the  c o r r e s p o n d i n g  estimates for t h e  E a r t h  
and Mars ( a c c o r d i n g  t o  Leovy and P o l l a c k  [3981) are  a l s o  g i v e n .  

TABLE 1 7 .  CHARACTERISTIC TEMPERATURES AND TIMES OF THERMAL RELAXATICN 

I I 

. 
It i s  i n t e r e s t i n g  t h a t  if Venus ceased  t o  r e c e i v e  s o l a r  e n e r g y ,  

i t  would take about  65 E a r t h  y e a r s  t o  c o o l ,  due t o  heat l o s s  b y  
e m i s s i o n  t o  a heat c o n t e n t  o f  t h e  E a r t h ' s  a tmosphere  (ip = 2 4 . 5  
kcal*crn-$) t h a t  c o r r e s p o n d s t o  t h e  n i g h t  h e a t  l o s s  on Venus, ( p r o -  
v i d e d  a l l  r e m a i n i n g  p a r a m e t e r s  s t a y  unchanged) .  But t h i s  estimate 
i s  q u i t e  rough,  because  i t  does  n o t  t a k e  i n t o  a c c o u n t  t h e  v a r i a t i o n  
i n  a t m o s p h e r i c  o p a c i t y  d u r i n g  c o o l i n g ,  t h e  regime of p l a n e t a r y  
c i r c u l a t i o n ,  and v i o l a t i o n  o f  t h e  e q u i l i b r i u m  c o n d i t i o n s  of  t h e  
f o r m a t i o n  of  t h e  gaseous  shell of Venus, main ly  t h e  e q u i l i b r i u m  
between c a r b o n a t e s  and s i l i c a t e s  ( c f .  S e c t i o n  IV.8) 

I n  one-dimensional  f o r m u l a t i o n  of  the  n o n - s t a t i o n a r y  problem 
( e q u a t i o n  (V.g)), i t  i s  c o n v e n i e n t  t o  t a k e  t h e  t i m e  c o o r d i n a t e  pro-  
p o r t i o n g l  t o  the a n g l e  o f  t h e  p l a n e t ' s  r o t a t i o n  ( l a t i t u d e )  and t o  
s o i v e  t h e  problem f o r  s e v e r a l  v a l u e s  of l a t i t u d e  4 ,  which a l l o w s  
t h e  c a l c u l a t i o n  b o t h  of t h e  d i u r n a l c h a n n e  and t h e  l a t i t u d i n a l  
dependence i n  t h e  t h e r m a l  regime of t h e  p l a n e t .  However, s i n c e  
t h e  time i n  which Venus makes one r e v o l u t i o n  around i t s  ax is  i s  



small i n  comparison t o  t h e  d e - e x c i t a t i o n  o f  its s t o r e d  e n e r g y ,  it / 235  
i s ' p o s s i b l e  t o  c o n s t r u c t  a c a l c u l a t e d  schema by s t a r t i n g  w i t h  t h e  
f a c t  t h a t  t h e  s o l a r  e n e r g y  i n c i d e n t  on t h e  day s ide a t  l a t i t u d e  @ 
i s  absorbed  i n  t h e  m i d s e c t i o n  of a t r u n c a t e d  cone of  h e i g h t  A +  
and i s  averaged  o v e r  i t s  e n t i r e  l a t e r a l  s u r f a c e  a t  t h i s  l a t i t u d e  
(which h o l d s  t r u e  f o r  a r o t a t i n g  p l a n e t ) .  The i n t e g r a t i o n  o v e r  Q 
of  t h e  l e f t - h a n d  par t  o f  r e l a t i o n  ( V . 7 )  i n  such a c a l c u l a t e d  schema 
g i v e s  t h e  f o l l o w i n g  law o f  un i form d i s t r i b u t i o n  o f  s o l a r  energy  
o v e r  t h e  s u r f a c e  o f  a p l a n e t  a t  l e v e l  h ( c f .  [ 5 ] ) :  ' 

( V . 1 4 )  I 1 )  
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which leads t o  a TZ d i f f e r e n t  from ( I V . 1 ) .  Th i s  i s  f o r m a l l y  re- 
l a t e d  t o  t h e  n e g l e c t  of c o n t r i b u t i o n  qCi  t o  t h e  energy b a l a n c e  i n  
a l o c a l  r e g i o n  o f  s p a c e .  It s h o u l d  be  p o i n t e d  o u t  t h a t ,  a l t h o u g h  
a n  a n a l y s i s  of  t h e  t h e r m a l  regime w i t h i n  t h e  framework o f  a radia- 
t i v e - c o n v e c t i v e  model o v e r s i m p l i f i e s  t h e  a c t u a l  s i t u a t i o n  i n  t h e  
a tmosphere ,  i t  d o e s  a l l o w  a most complete  s t u d y  o f  t h e  " i n n e r "  
dynamic s t r u c t u r e  of  hea t  exchange.  

V . 3 .  The O p t i c a l  P r o p e r t i e s  of t h e  Venusian Atmosphere 

On t h e  t r a n s f e r  o f  r a d i a t i o n  i n  t h e  Venusian a tmosphere .  I n  
order .  t o  d e t e r m i n e  t h e o r e t i c a l l y  an  a l t i t u d e  d i s t r i b u t i o n  of ra -  
d i a n t  e n e r g y  i n  a p l a n e t a r y  a tmosphere ,  i t  i s  g e n e r a l l y  n e c e s s a r y  
t o  compute t h e  f r a c t i o n  of  monochromatic s o l a r  r a d i a t i o n  a b s o r b e d  
a t  v a r i o u s  l e v e l s  by a t m o s p h e r i c  gases, t h e  s u r f a c e  and t h e  c l o u d s ,  
as w e l l  as t h e  f r a c t i o n  r e f l e c t e d  i n t o  space from t h e  a tmosphere ,  
t h e  s u r f a c e ,  and t h e  c l o u d s .  However, there  i s  v e r y  l i t t l e  i n -  
f o r m a t i o n  a b o u t  t h e  o p a c i t y  o f  g a s e s  i n  t h e  r a n g e s  o f  v i s i b l e  
l i g h t ,  s i n c e ,  i n  o r d e r  t o  d e t e r m i n e  o p a c i t y  a t  r e l a t i v e l y  low 
absorption coefficients, the s i z e s  of t h e  o p t i c a l  pa ths  r e q u i r e d  
are  s t i l l  p r a c t i c a l l y  u n a t t a i n a b l e  i n  l a b o r a t o r y  c o n d i t i o n s .  An- 
o t h e r  l i m i t a t i o n  i s  t h e  need t o  do r e s e a r c h  a t  a v a r i a b l e  d e n s i t y  
a l o n g  the  o p t i c a l  p a t h ,  and in t h e  c a s e  o f  Venus, a t  h igh  g a s e o u s  
t e m p e r a t u r e s  and p r e s s u r e s  as wel l .  T h e o r e t i c a l  estimates o f  s o l a r  
r a d i a t i o n  a t t e n t u a t i o n  by  t h e  atmosphere i n  t h e  v i s u a l  and n e a r -  
i n f r a r e d  r e g i o n s  o f  t h e  spec t rum,  estimates s imi l a r  t o  t h o s e  g i v e n  
i n  T a b l e  1 5 ,  are  o n l y  a p p r o x i m a t i o n s .  

From t h e  p o i n t  o f  view o f  r a d i a t i o n  t r a n s f e r ,  it i s  p o s s i b l e  
t o  view t h e  atmosphere as c o n s i s t i n g  o f  two phases  -- t he  g a s e o u s  
and t h e  a e r o s o l .  T o t a l  r a d i a t i o n  a t t e n t u a t i o n  c o n s i s t s  of  n o l e c -  
ular s c a t t e r i n g  
ponents  ~ ~ , a b s o r p r i o n  a~ and s c a t t e r i n g  a? on a e r o s o l .  Accord- 
i n g l y  

a$, s e l e c t i v e  a b s o r p t i o n  by  i n d i v i d u a l  gaseous  com- 

* 

A 
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, The extinction coefficient and the items that go into it determine 
the optical thickness: 

and the single scattering albedo 
tion properties of the scattering 

I .c 
t .  d ,  

-L-- , .  . . I 1  - 

(v.16) 
Q-;;'";ij.;.L FAG7 L 
ci*. PWF" iY 

which characterizes the absorp- 
medium : 

which, together with the scattering indicatrix x($), make up the 
fundamental optical characteristics of the atmosphere. 

Scattering on gaseous components is most significant in the 
shortwave region of the spectrum outside the absorption bands, 
while aerosol scattering predominates in the longwave region. The 
reader can find a detailed account of the theory of light scattering 
on small particles in the monographs of Van de Hulst [21], Sobolev 
[146, 1491, Shifrin [173], Rozenberg [138] (cf. also [log, 137, 
531]) ,  and the theory of light scattering on large particles in 
the works of Irvine [353, 3571. Theory shows that because of the 
incoherence of gaseous and aerosol-particle scattering one may 
assume the additivity of corresponding components of the matrix 
of atRospheric scattering I )  I I I  I (  I f o r  incident and scattered 
(at angles arccos po and arccos 11) fluxes of radiant energy. In- 
tegration (with respect to the angles) of the relation 

/ ) , , ! I  !!,I i i  : ! l . l ' , , )  I ,  ! l . ' l  (V.18) 

with 1 )  : - i l l . ! i  I included allows the expression of an effective / 2 3 7  
normalized s'cattering matrix for a hazy medium in the form (cf., 
for example, C21J 1381) 

The concrete form of  the scattering matrix (the number of in- 
dependent and non-zero components) is determined by the properties 
of the scattering medium (particle composition, size, and shape) 
and depends on wavelength. 

Rayleigh scattering is described by the scattering coefficient 
ug and the scattering indicatrix x($>, which are expressed by the 
well-known formulas: 

L 1 . I  ' i ;- 
j .  -___ 

: \  ( V .  2 0 )  

1 7 7  
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where m is the mean refractive index of the medium, N is the number 
of scattering molecules per unit volume, 4 = arccos p is the angle 
of scattering. It is clear from formula (V.20) that the role of 
molecular scattering is especially large in the transfer of visible 
solar radiation. Figs. 79 and 80 show calculations of T in the in- 
terval X = 0.2 to 1.2 pm for the Venusian atmosphere (acgording to 
the basic model given in the Appendix). Fig. 79 shows the dependence 
of -r (rated per unit of pressure) on X ,  while Fig. 80 gives the 
famiyy of curves T ( A )  v s  altitude. Since Rayleigh scattering is 
directly proportlogal to the mass of the scattering gas, on Venus 
it turns out to be about t w o  orders of magnitude more intense than 
on the Earth. 

:? the Earth's clouds. We note that the spectral dependence of ug 
is expressed by the convenient relation evident from ( V . 2 0 ) :  

Near the maximum of the visibility curve (10 - 0.5um), 
* 3 0 ,  which corresponds approximately to the optical thickness / 2 3 8  

(V.20' 1 1: 1 

1. , 

- -  . ,, d ? ,  - . 
g The calculated values of the scattering coefficient O X  (h) and the 

optical thickness 'rpx0 
atmosphere are given in Table 18. 

0 as a function of altitude in the Venusian 

~ , '  - .  . .  . 

, 
... - ----> 

. ' 2 , V h M  'a 

Fig. 79. Variation in op- 
tical thickness T vs X 
for Rayleigh scatKering 
in the Venusian atmos- 
phere. 

Key: a. vm 

With the presence of an aerosol 
component suspended in gas, the optical 
properties of an atmosphere also depend 
on the concentration, altitude distri- 
bution, size distribution, the nature 
and the microstructure of the particles. 
In this case, all 16 components of the 

can in scattering matrix 
principle be different. At character- 
istic particle size F - A ,  a conven- 
ient approximation is given by the Mie 
theory, which enables a calculation of 
ua as a function of the refractive index 
m and the parameter p = 2rr/X. A s  the 
aerosol content increases and as this 
parameter increases, the asymmetry of 
the phase function grows (the elonga- / 2 3 9  
tion of the scattering indicatrix into 
the forward hemisphere) due to the 
deciding influence of the aerosol scat- 
tering matrix (! , . ! , ,)  ; at the 

I ,  $ ! I .  ! I  I 

I , same time aa and aX increase in comparison to u: and K ~ .  

Including the polydispersity and the irregularity of the com- 
position of aerosol, the second item in (V.18) can be represented 

I 
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i n  t h e  form [1383: 

,, l .! l ,,) y ( t i  I f )  I ,  1 ; ) .  ( I I . I I  ' 1 ' 1  ( V . 2 2 )  

and by assuming t h a t  t h e  
o r i e n t a t i o n  of i n d i v i d u a l  
p a r t i c l e s  a f t e r  i n t e g r a t i n g  
o v e r  all a n g l e s  i s  i s o p t r o p i c ,  
i t  i s  p o s s i b l e  t o  o b t a i n  a n  
e x p r e s s i o n  f o r  t h e  s c a t t e r i n g  
c r o s s  s e c t i o n :  

F i g *  80 .  The f a m i l y  of c u r v e s  T p ( x >  The d e n s i t y  of t h e  size d i S -  
t r i b u t i o n  o f  particles of t y p e  
y ,  n,(r> = dN, , ( r ) /dr  i s  given 

f o r  t h e  Venusian atmosphere v s  
a l t i t u d e .  

Key: a .  pm b y  t h e  s o - c a l l e d  V - d i s t r i b u t i o r .  
n ( r )  = noe-tpru o r  by  a Junge 

TABLE 1 8 .  RAYLEIGH S C A T T E R I N G  C O E F F I C I E N T  af ( h )  

( A C C O R D I N G  TO [371)  

0 
( h o  = 0.5 urn> AND CORRESPONDING OPTICAL THICKNESS d o  vs ALTITUDE 

P 
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f u n c t i o n  C368, 5683 for v a  
s c a t t e r i n g  n ( r )  = c r - ( a  + 'j, where a, t ,  arid u are  c o n s t a n t s  e x p r e s s e d  
i n  terms of  t h e  mean and modal r a d i i  of t h e  p a r t i c l e s .  

ous v a l u e s  o f  t h e  parameter of e x p o n e n t i a l  

/ 240  -- 
V - d i s t r i b u t i o n  i s  u s u a l l y  r e a l i z e d  i n  E a r t h  c l o u d s ,  for which 

( a c c o r d i n g  t o  [161, 1 6 4 ] ) ,  two c a s e s  are t y p i c a l :  r, d = 4 vm; 
t = 1 . 5  pm; v 
'mod = 7 urn-1; t = 0.4 pm-T;v = 2 i n  t h e  c a s e  o f  S t ,  Ns, and A s  
c l o u d s .  

= 6 i n  t h e  ase of Sc,  Cu, and A c  c l o u 8 s  and 

1 7 9  
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(at 10-15 km, about 25 and 80 km) where c i r r u s ,  nacreous, and 
silvery clouds are observed respectively. 
that the source of aerosol on Venus may be volcanic eruptions are 
developed in C2611. 

Hypothetical notions 

Fig. 81. An example of attentua- 
tion o f  solar radiation in the 
Earth's atmosphere vs altitude 
(July 11, 1964, sec 0 = 2 . 8 5 ~ 1 . 7 0 ) .  
1 is Rayleigh scattering; 2 is 
aerosol scattering; 3 is absorp- 
tion by polyatomic molecules 
(according to C3851). 

Key: a. urn 
b. cal/cm2 -min 

Observations of the 
Earth's atmosphere reveal 
that the dependence of 
aa on x is satisfactorily 
approximated by an exponen- 
tial function of the form: 

, ; I  .- i . -  . (V.24) 

in which the exponent $ 
varies within rather wide 
limits as a function of 
particle size. The Ray- 
leigh law ( $  = 4) is met up 
to r 0.15 um, while the 
value of $ rapidly decreases 
and passes through zero 
as particle size increases, 
so that scattering in the 
red region turns out t o  be 
more effective than in 
violet. At r 2 1 um, the / 2 4 1  
scattering becomes non- 
selective [171, 1753. 

For a near-surface 
layer of the Earth's atmos- 
phere in a weakly hazy 
medium, aa c- A ' l  C1381. 
The attenuation of light 
in the visible region due 
to aerosol scattering can 
exceed attenuation due to 
molecular scattering 
by several times (cf. for 

example [71, 71a, 3853) .7  
tion of attenuated radiation with altitude; this dependence corresponds 
to measurements in the nidlatitudes of the USSR in the summer of 1964. 
As we see, the total attentuation at the Earth's surface exceeds 
1.2 cal/cm2*min; of this, about half is aerosol scattering. 
the true absorption of light by the Earth's aerosols, estimates 
[ 62 ,  64, 1421 show it to be comparatively small. 

Fig. 81 shows,-as an example, the varia- 

A s  for 

I 
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The real and imaginary parts of the combined refractive index, 
both of which depend on the chemical nature of aerosol, together 
with the modal radii of the particles, determine the angular de- 
pendences of the scattering matrix, specifically, the shape of the 
scattering indicatrix. An approximation of Rayleigh or isotropic 
scattering is unsuitable if aerosols are present. The scattering 
indicatrix are usually expanded in terms of Legendre's polynomials; 
the longer its elongation, the more terms are to be considered: 

The specific case ( V . 2 5 )  at i = 3, when x1 = 0 and x2 = 1 / 2 ,  is 
a Rayleigh indicatrix (V.21). Various other conceptions, which allow 
the best approximation of greatly elongated indicatrixes frequently 
encountered- in practice, are also used (cf. C1491). A scattering 
indicatrix that is determined from the Mie formula and averaged over 
particle sizes given by distribution n(r) is usually called p o l y -  
dispersed. Tables of polydispersed indicatrixes can be found in 
C51, 2671. 

In examination of the equation of the transfer of monochromatic /242 
radiation non-conservatively scattered by an optically dense dis- 
persive medium, asymptotic methods (cf. C40, 139, 1493) and the 
Schuster-Schwarzschild approximation, or the so-called two-flux 
approximation, which leads to two first-order, linear differential 
equations with constant coefficients, have been widely applied. In 
these cases, the mean specific intensities in the hemispheres are 
determined by using the conveniently-tabulated parameters of the 
scattering indicatrix II or r ,  which characterize its elongation. 
The parameter R is a function of the mean cosine of the scattering 
angle XI: 

I 

(V.26) 

The parameter r is the difference between the portions of light 
s c a t t e r e d  i n t o  t h e  f o r w a r d  and back hemispheres 

t I 

It is evident that, with isotropic scattering, I' = 0 (analogously xl). 

The item K X ,  which exerts a strong influence on radiation 
transfer in absorption bands, is present in expression (V.15). 
Under normal conditions, there are no such bands in the visible 
region of a carbon dioxide atmosphere, while in the near-infrared 
region, there are  several weak absorption bands w i t h  centers at 
A X  = 0.83, 0.86. 0 . 9 2  and 0 . 9 6  pm. Water vapor can influence 
X > 0.7 pm even xore appreciably; at the same time, estimates of 
optical thickness in absorption by using values aH (according, 
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e.g., to [ lo811 show that under normal conditions the opacity of 
water vapor is small f o r  the main part of  the solar spectrum. 
These estimates can vary in the deep layers of the Venusian atmos- 
phere at large P, primarily due to absorption on complexes o f  C02 
and H20 molecules. However, particularly significant is true 
absorption in the longer wavelength region, which is responsible 
for the transfer of heat radiation and where the term K begins 

significant contribution is made here, in particular, by continuous 
absorption at the wings of remote lines and by induced absorption. 
Section V.4 examines these features. 

flected radiation yields important information about the optical 
properties of the planetary atmosphere and, in particular, about 
the relationship among the individual terms of (V.15) in the 
visible region of the spectrum. 

/ 2 4 3  

to play a definite role. At high pressures and tempera + ures, a 
The characteristics of reflected radiation. Analysis of  re- 

Until recently, the ground-based observations that determined 
the overall optical properties of the planet (spectral, photometric 
and polarization characteristics, the distribution of brightness 
across the disk, change in the visual phase curve) were t h e  only 
sources of information about solar light transfer on Venus. Un- 
fortunately, these results give no single or simple answer to ques- 
tions about the relative role of scattering and absorption of ra- 
diation in the atmosphere and in the clouds, the structure of the 
clouds, or the content and nature of the aerosols. 
difficult to obtain estimates of the optical regime in the deep 
layers and, in particular, illumination at the planetary surface -- 
since the basic part of the photons responsible for the reflecting 
characteristic of Venus hardly penetrate more than several hundred 
meters into the clouds [117, 1641. 

its scattering indicatrix is strongly elongated into the forward 
hemisphere. This finding is not unexpected -- in view of the dense 
cloud layer observed on Venus. 
a large quantity of aerosols or cloud droplets ( or a mixture of the 
two) with dimensions comparable to or larger than wavelength should 
result in a marked asymmetry of the phase function for scattering 
in a hazy medium. This makes it a much more complicated task to 
obtain, from a solution of the equation of transfer, the character- 
istics of diffused (depends on the angle) transmission and reflec- 
tion in such an atmosphere, especially when absorption is taken into 
account. Romanova C140, 1411 and Irvine C3561 have examined similar 
problems. 
based measurements is above all the absence of data that determine 
the properties of the elementary scattering matrix of the type 
(V.19) (the shape, size and concentration of particles, the combined 
refractive index, the dependence of the degree of polarization on 
the scattering conditions, the shape of the indicatrix). On the 

It is still more 

The brilliance of Venus near inferior conjunction means that 

As already noted, the presence of 

The obstacle to a reliable interpretation of ground- 
/ 2 4 4  
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other hand, in order to obtain estimates of these parameters, it 
is necessary to use all available observational data. 

From an analysis of the polarimetric measurements of Gehrels 
and Samuelson [309] ,  measurements that, show the dependence of polar- 
ization p on the phase angle a, Sobolev C147, 1481 obtained a value v 
of xl = 2 .1 .  This corresponds to a mean particle radius F = 1.2 pm 
and a refractive index of m = 1 . 5  (the dependence on m is not strong). 

The most complete information about m and f; has been obtained 
by Hansen [ 337 ] ,  Hansen and Arking C3361, and Hansen and Hovenier 
[576] from a comparison of the polarimetric measurements of Coffeen 
and Gehrels C248J and Lyot [ 406 ]  with a calculated model of a cloudy 
atmosphere, the degree of polarization in which is determined by 
taking multiple scattering in a Rayleigh medium w l t h  spherical 
particles into account. The values obtained that best satisfy 
measurement data are shown in Figs., 82a and 82b. These calculations 
lead to an estimate of the real part of the combined refractive 
index at the cloud tops (in the range A0 = 0.55 pm) of rn = 1.44 ? 
0.015. In so doing, they reveal a clear tendency toward a weak 
decrease in m between the ultraviolet and infrared regions of the 
spectrum (from m = 1 . 4 6  * 0.015 at X = 0.365 pm to m = 1 . 4 3  k 0 .015 
at X = 0 .99  pm). The imaginary part, which is determined. from 
the phase matrix f o r  single scattering at w o  = 1 and r = 1, is 
negligible. The estimate obtained for mean effective radius of 
the cloud particles (r = 1.C5 ? 0.10 urn for a narrow size distri- 
butionlis in good agreement with the Coffeen's calculations using 
the Mie theory: r = 1.25 f 0.25 um C247, 2493.  Similar values 
are obtained in [14]. 

- 

The values of m and r and the dependence m(A> satisfy an ideal- 
ized atmospheric model with homogeneous optical properties in a 
certain range of altitudes -- which obviously oversimplifies the 
real situation. Nevertheless, these results significantly narrow / 2 4 6  
the range of parameters on which the o p t i c a l  properties of the 
clouds depend and at the same time limit the number of possible com- 
ponents and their phase state at the level of reflection. (cf. 
Section IV. 7). 

-- 

The visual phase curves of Venus obtained by Irvine [3541, 
and Knuckles et al. L-3831 point to a significant concentration of 
aerosols in the atmosphere. This concentration, possibly, may no t  
remain constant, if the differences in the phase curves based on 
1956 and 1963-1965  measurements are attributed to the optical thick- 
ness of the effective scattering layer of a cloudy atmosphere. How- 
ever, this difference is more probably related to methodological 
and instrument errors ,  primarily to averaging over the angles of  
incident and reflected radiation at large and small phase angles. 
Fig. 83 shows experimental data and the calculations of Arking and 
Potter E1831 and Galin et al. C371. Arking and Potter's curves are 
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F i g .  8 2 .  P o l a r i z a t i o n  v s  phase a n g l e :  a-Hansen's t h e o r e t i c a l  
c u r v e s ,  which approximate  the  r e s u l t s  of  o b s e r v a t i o n s  by 
Coffeen and G e h r e l s  a t  X = 0 .99  urn ( t h e  "x's"), a t  various 
v a l u e s  of r e f r a c t i v e  i n d e x  m .  The c a l c u l a t i o n s  u s e  p a r t i c l e  
s i z e s F  t h a t  g i v e  t h e  best  agreement - w i t h  what has been  
measuredat a l l  wavelengths :  r = 0.7 ,  0 . 8 ,  1.1, 1 . 2  and 
1 . 2  v m  r e s p e c t i v e l y ,  b e g i n n i n g  w i t h  m = 1 . 3 3 .  The a l b e d o  
i s  t a k e n  t o  be A = 0 .90  a t  X = 0.99 urn. b i s  a t h e o r e t i c a l  
approximat ion  of  L y o t ' s  o b s e r v a t i o n s  ( t h e  p l u s  s i g n s )  and 
t h e  o b s e r v a t i o n s  of Coffeen  and Gehrels ( " x ' s " )  a t  X = 
0.55 pm. 
a t  s e v e r a l  v a l u e s  of t h e  mean r a d i u s  of t h e  s c a t t e r i n g  
p a r t i c l e s  r ym C3371. 

Hansen ' s  c a l c u l a t e d  c u r v e s  c o r r e s p o n d  t o  m = 1 .45  

f o r  two l i m i t i n g  c a s e s  of  c o n s e r v a t i v e  s c a t t e r i n g  i n  a s i n g l e - l a y e r  
a tmosphere ,  i n  which an  i n f i n i t e l y  l a r g e  o p t i c a l  t h i c k n e s s  is a s s u r e d  
due t o  p u r e l y  m o l e c u l a r  s c a t t e r i n g  ( T ~  = 0 0 ;  ' I ~  = 0) o r  t o  t h e  c l o u d s  
( T p  = 0 ;  = -1. G a l i n  e t  a l .  o b t a i n e d  a segment of a c u r v e  u s i n g  
an  approximat ion  of  a two-layered model w i t h  
s c a t t e r i n g  i n d i c a t r i x  of a monodisperse  c l o u d  ( p  = 2 n r / ~  = 3O), and 
i t  i s  c l o s e r  t o  t h e  e x p e r i m e n t a l  data  i n  t h e  r a n g e  of phase  a n g l e s  
60 L a L 140'. However, t h i s  does  n o t  mean t h a t  t h i s  i d e a l  model 
a l o n e  sa t i s f ies  t h e  e x p e r i m e n t :  f o r  example, i n  t h e  p r e s e n c e  o f  an  / 2 4 7  
a e r o s o l  component i n  a m o l e c u l a r  s u b l a y e r ,  t h e  combined e f f e c t  of 
two layers  c a n  be c l o s e r  t c  a model of  a homogeneous a tmosphere  w i t h  
a p o l y d i s p e J s e  i n d i c a t r i x  C1641. 

' I ~  = T~ = 20 a t  a 

. 
184 



a 

* 

F i g ,  1 shows t h e  b a s i c  r e f l e c t i o n  and e m i s s i o n  c h a r a c t e r i s t i c s  
of  Venus as summarized b y  Hapke [338] ,  The c u r v e ,  which c o r r e s p o n d s  
t o  a monochromatic s p h e r l c a l  a l b e d o  AX i n  t h e  r a n g e  from 0 . 2  t o  4 pm, 
i s  c o n s t r u c t e d  from ground-based s p e c t r o m e t r y  data and i n c l u d e s  
c o r r e c t i o n s  f o r  a b s o r p t i o n  i n  C02 bands.  
t h e  r e g i o n  0.31-1.06 pm a re  t h o s e  o b t a i n e d  by I r v i n e  1354, 3551; 
t h e  v a l u e s  AA(given i n  F i g .  1) i n  t h e  n e a r  u l t r a v i o l e t  A 2 0.3  urn 
( a c c o r d i n g  t o  [182])  and i n  t h e  n e a r  i n f r a r e d  r e g i o n s  o f  t h e  s p e c -  
t rum (between 0 . 8  and 1 . 2  umC3381) and from 1 . 2  t o  3 . 5  pm[220, 3931) 
a re  n o r m a l i z e d  t o  I r v i n e ' s  v a l u e s .  The data f o r  t h e  i n f r a r e d  r e g i o n  
( A  = 3 - 1 4  urn) a re  t a k e n  i n  a c c o r d  w i t h  C314, 5011 and a r e  l i s t e d  
t o  the  c o r r e s p o n d i n g  v a l u e  of  A a t  X = 3.2 pm. 

The v a l u e s  of a l b e d o  f o r  

The e x p e r i m e n t a l  data i n d i c a t e  tha t  t r u e  a b s o r p t i o n  i s  preva-  
l e c t  i n  t h e  r e g i o n s  X > 2 . 4  u m  and X 
a b s e n t  i n  t h e  v i s i b l e  and near i n f r a r e d  spectrum. AA r e a c h e s  i t s  
greatest  v a l u e  i n  t h e  ye l low and red  r e g i o n s  of  t h e  spec t rum,  which 
i s  p r o b a b l v  caused  bv  i n t e n s e  s c a t t e r i n g  by c loud  p a r t i c l e s  w i t h  a n  

0 . 4 5  urn, whi le  t h e y  are  n e a r l y  

F i g .  

" I 

a lbedo p e r  u n i t  o f  s c a t t e r i n g  w o  t ha t  i s  
c l o s e  t o  u n i t y .  T h i s  f o l l o w s  d i r e c t l y  
from c a l c u l a t i o n s  i n  a homogeneous semi- 
i n f i n i t e  atmosphere model, p r o v i d e d  t h a t  
S o b o l e v ' s  a s y m p t o t i c  formula i s  used 
C149, 1503; t h i s  formula  es tab l i shes  a 
l i n k  between t h e  observed  a l b e d o  A and 
t h e  o p t i c a l  parameters o f  t h e  medium. 
I n  t h e  s p e c i f i c  c a s e  of a s e m i - i n f i n i t e  
s c a t t e r i n g  atmosphere a t  k.r >> 1 and 

\ 
1, 
\ 

. \  

0 < (1 - 0 0 )  <<  1 
I ,  

(V.28)  i 1 ; I  ---: 

1 , :  , , ' ( . '  i '  ( V . 2 8 ' )  
8 3 .  Visual phase curves 

Of the 
l-according t o  observations ab le  c o n d i t i o n  of t h e  r a d i a t i v e  t r a n s -  
in 1963-1965 c354];  and f e r  e q u a t l o n ,  which d e s c r i b e s  t h e  light c a l c u l a t i o n s  f o r  a one-layerregime in deep layers, e 

Of Venus: i s  a c o n s t a n t  de te rmined  from t h e  s o l v - '  

a tmosphere ( 2  i s  -rC = 0 ,  - 

Table  19 g i v e s  t h e  v a l u e s  of  w o  /248 - - 0 3 .  , 3 i s ~ ~ =  m 
TP 
'J? = 4-f'or a two-iayer c a l c u l a t e d  u s i n g  the  monochromatic a tmosphere ( - r C  = 2 0 ,  
T p  = 2 0 )  c371. 

phase c u r v e s  of  Venus o b t a i n e d  by  
I r v i n e  e t  a l .  C354, 3553. The da ta  i n  
Table  19 are  i n  good agreement w i t h  t h e  
independent  estimates of Sobolev ,  which 
g i v e  w = 0.989 i n  t h e  r a n g e  of v i s i b l e  
l i g h t  1147, 1483. 

ORIGINAL PAGE B 
OF POOR QUALlTY 

We n o t e  t h a t ,  

T h i s  e x p r e s s i o n  i s  o b t a i n e d  by expanding t h e  p r e c i s e  f o r m u l a  for 
k i n  powers of  41 - w o  and keeping  terms o f  t h e  o r d e r  J1 - w o  
( c f .  C 1 4 9 1 ) .  
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a c c o r d i n g  t o  Chamber l a in . [240] ,  v a r i a t i o n  i n  t h e  i n t e n s i t y  of t h e  
s t r o n g  band h = 1 . 6  l.m as a f u n c t i o n  of  phase  a lso r e q u i r e s  t h a t  
t h e  v a l u e  of wo i n  t h e  cont inuum i s  c l o s e  t o  u n i t y .  

TABLE 19. OPTICAL CHARACTERISTICS OF THE VENUS ATMOSPHERE 
CORRESPONDING TO THE MEASURED ALBEDO AI FOR TWO MODELS. 

. -  
I . . I  

. I .  I 
- I  

S i n c e  w = u /a  t K, o r  ( a t  K < <  a>  1 - w o  = K/U, where a and 
K are the  vopume s c a t t e r i n g  and a b s o r b t i o n  c o e f f i c i e n t s ,  t h e  d i f -  
f e r e n c e  between w and u n i t y  shou ld  be a t t r i b u t e d  t o  t r u e  abso rp -  
t i o n  i n  a s e m i - i n p i n i t e  s c a t t e r i n g  medium. 
v a l u e s  of  t h e  a b s o r p t i o n  c o e f f i c i e n t  by volume of t h e , m a t e r i a l  t h a t  

a l s o  g i v e s  v a l u e s  of K * .  A s  i s  s e e n ,  most a b s o r p t i o n  o c c u r s  i n  
t h e  i n t e r v a l  0 .3  - 014 pm, while  t h e  l e a s t  o c c u r s  a t  abou t  0 . 6  urn; 
nevertheless, the minimal value of 1 - w o  (which means K/U ) i s  
abou t  t h r e e  o r d e r s  of  magni tude l a r g e r  t h a n  t h e  c o r r e s p o n d i n g  v a l u e  
f o r  c l o u d s  on Ea r th  i n  t h e  v i s i b l e  and n e a r  i n f r a r e d  r e g i o n s  of  t h e  / 249  
spec t rum [163,  3351. I f  it i s  assumed t h a t  a l l  t h e  r a d i a t i o n  n o t  
r e f l e c t e d  o f f  t h e  p l a n e t  i n t o  space  r e a c h e s  t h e  s u r f a c e ,  t h e n  t h e  
t r a n s p a r e n c y  of  t h e  Venusian a tmosphere  shou ld  i n  t h i s  c a s e  be h i g h  -- R = 1 - w o / w o  = K /U  = 10-3 - 10-2 ( f o r  c l o u d s  on t h e  E a r t h  

Moroz [119] has computed 

; Tab le  19 
! '  _ _  -__L makes up t h e  p a r t i c l e ,  K * ,  from t h e  r e l a t i o n  K *  - I  

R - 10-7). 
The observed  o p t i c a l  c h a r a c t e r i s t i c s  of t h e  Venusian a tmosphere  

can  a l s o  be e x p l a i n e d  by  b e g i n n i n g  w i t h  t h e  n o t i o n  of  a c o n s e r v a t i v e  
a tmosphere  o f  f i n i t e  o p t i c a l  t h i c k n e s s .  I n  t h i s  s p e c i f i c  c a s e  
(kT <<  1, w o  = l), t h e  Sobolev  formula  i s  w r i t t e n  as 

I 1  . ... - ~ 

. , . .  . 
(V. 2 9 )  
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where a is the albedo of the planetary surface. The extreme right- 
hand column of Table 19 gives estimates of T that correspond to this 
model, assuming XI = 2.1 and a = 0. Calculating a # 0 slightly de- 
creases '1. The more rigorous calculations of Romanova C1401 for 
models of optically thick layers with a strongly-elongated scat- 
tering indicatrix lead to a value of the optical thickness of a 
medium with parameters corresponding to the Venusian atmosphere, 
T = 65-20. 
- tering by the Venusian clouds and by a CO and H20 atmosphere, at 
r = 7.5 um and for two values of the clouz optical thickness in 
the visual region o'f the spectrum ( T ~  = 18 and 43) show that the 
optical thickness of the scattering layer and the surface pressure 
essentially have no influence on the value of AX at X > 1 Urn ,  ;.e., 
in this region, the clouds completely determine the reflection. 

+50 Pollack's calculations of a model of conservative scat- 

Galin et al. [371 have made interesting calculations of the 
dependence of the albedo D l  (Ah - 2 f D ~  (uo)podpo, where arccos uo 
is the angle of incidence of solar rays) of a scattering, semi- 
infinite atmosphere on the optical thickness of the clouds in a two- 
layered model approximation. It was assumed that the cloud particle 
size is similar to that 0': Earth, i.e., rather large (r - 5 um). /250 
Fig. 84 shows that at T - T the albedo at first decreases (due -- 
obviously to the elongafion g; the indicatrix) and then, at 
T~ > TP, as the total optical density of the atmosphere grows 
T = T~ + T ~ ,  it increases. These dependences enable the decrease in 
A X  in the region 0.62 1. A s 1 pm to be explained (because T~ 
diminishes with wavelength from 12 to 2 pm)and results in a value 
of TC 2 60 at = 0.626 pm, where A i  =  AX^ (cf. F i g .  1). Similar 
estimates for the shortwave region confirm %e fact that true absorp- 
tion is insignificant as AX decreases to 1 = 0.5 vm and indicate 
at the same time that absorption should occur in the cloudsand not 
in the subcloud atmosphere. The computed value w o  = 0.9987 at 
h = 0 . 5 2  prn, is here close to the value that is given in Table 19. 
The dots in Fig. 1 show the calculated estimates of AX in these 
conditions according to C371. 

The change in A h  between 0.6 and 0.5.pm can be explained by a 
one-layer cloudyatmospheric model with a Rayleigh indicatrix and 
cloud particle size of F,;l Pm (which, as we have seen, is more 
compatible with polarimetric data; cf. Fig. 82b). It is necessary 
to assume In this case that true absorption occurs, on the other 
hand, not in the clou%(wt = 1>, but in the lower-lying molecular 
atmosphere: the absorption herein should be significant = 0.95)./251 
This decrease in the albedo can be attributed to the spectral de- 
pendence of the scat:;ering coefficient when particles are small 
C1641. Fig. 85 shows the calculationsg for variants of one-layer 
and two-layer models, when cloud particle size is within r = 0.5 - 
1.5 um, in comparison with the experimental curve AX. 
N. L. Lukashevich made these calculations. 
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A s  f o r  t h e  sha rp  d e c r e a s e  i n  A X  i n  t h e  
r e g i o n  X < 0 . 4  pm, which was f i r s t  r eco rded  
b y  S i n t o n  [502] and Evans e t  a l .  [502] ,  it 
i s  h a r d l y  p o s s i b l e  t o  a t t r i b u t e  it t o  a b s o r p -  

/ '  t i o n  i n  t h e  c l o u d s  ( s i n c e  t h e i r  a b s o r p t i o n  
c o e f f i c i e n t  i n  t h e  u l t r a v i o l e t  i s  very  small)  
and l e a s t  of  a l l  t o  t h e  subcloud a tmosphere .  
The a b s o r b e r  i s  p r o b a b l y  c o n c e n t r a t e d  i n  t h e  
haze  which e x t e n d s  above t h e  boundary of  
t h e  v i s i b l e  c l o u d  l a y e r  and which  b l u r s  
t h i s  boundary,  One may i d e n t i f y  i t  w i t h  
t h e  f r a c t i o n  $ ( x )  i n  T a b l e  1 5 .  

ORIGINAL PAGE IS ** 'OoR QUAIsrY 
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F i g .  8 4 .  F l a t  a l b e d o  
of a two-layer  atmos- 
phere vs  -rc a t  vo = 
c o s  9 = 1. The s o l i d  
c u r v e s  1, 2 ,  3 ,  4 and 
5 are v a l u e s  o f  T = 
0 ,  5 ,  1 0 ,  20 and 30 .  
The dashed l i n e  i s  a 
p u r e  Rayleigh atmos- 
phe re  C371. 

M u l t i p l e  s c a t t e r i n g  by  haze  o r  c l o u d  
p a r t i c l e s  e v i d e n t l y  p l a y s  an  i m p o r t a n t  r o l e  
i n  a b s o r p t i o n  band f o r m a t i o n  i n  t h e  observed  
s p e c t r a  of  Venus, e s p e c i a l l y  i n  C 0 2  band for- /252  
mat ion .  The r e l a t i v e  i n t e n s i t y  of v a r i o u s  
a b s o r b e r s  and t h e  v a r i a t i o n  of  a b s o r p t i o n  
bands as a f u n c t i o n  of t h e  phase  o f  Venus 
a r e  n o t  i n  agreement w i t h  c o n c e p t i o n s  of 
a s imple  r e f l e c t i n g  s u r f a c e  below t h e  gaseous  
l a y e r  o f  t h e  atmosphere o r  a homogeneous 
c l o u d  s u r f a c e .  S i n c e  t h e  r e l a t i v e  r o l e  of 
s c a t t e r i n g  and a b s o r b i n g  components i s  un- 
known, a good approximat ion  of  a b s o r p t i o n  
s p e c t r a  i n  t h e  v i s i b l e  and n e a r  i n f r a r e d  
r e g i o n s  i s  g i v e n  by t h e  s e m i - i n f i n i t e  model 
o f  c o n s e r v a t i v e  i s o t r o p i c  s c a t t e r i n g  of 
Chamberlain and Smith [ 2 4 0 ,  2 4 1 1 ,  and by 
B e l t o n ' s  c o n c e p t i o n  [ 2 1 2 ]  o f  t h e  s p e c i f i c  
c o n t e n t  o f  t h e  s c a t t e r i n g  phase.  The o p t i c a l  
p r o p e r t i e s  o f  t h i s  model c o r r e s p o n d  t o  t h e  
observed c h a r a c t e r  o f  t h e  p l a n e t ' s  v i s u a l  
a lbedo  at T ?  20; as w e  have seen, this can 
agree w i t h  t h e  v a l u e s  g i v e n  p r e v i o u s l y .  

L e t  u s  r e c a l l  t h a t  estimates of  t h e  upper  and lower b o u n d a r i e s  
of  t h e  Venusian c l o u d s  ( c f .  S e c t i o n  IV.7)  g i v e  a g e o m e t r i c  t h i c k n e s s  
Ahc = 1 0  - 20 km. I f  it i s  k e p t  i n  mind tha t  estimates of  T l i e  
mainly w i  h i n  10-60 ,  t h e n  i t  t u r n s  o u t  t h a t  t h e  v a l u e  i s  T , / A ~ ,  
1 - 6 ~IR-',  i . e . ,  t h e  c l o u d s  a re  n o t  o v e r l y  t u r b i d .  
o f  t h e  volume s c a t t e r i n g  c o e f f i c i e n t  i s  'a ~ ~ ( 2 - 5 )  .10'5cm'l; c o r r e -  
spondingly, th i s  is  a mean concentration N 
s i z e d  p a r t i c l e s .  
E a r t h ' s  c l o u d s  u = 10-4cm-1, w h i l e  t h e  mean c o n c e n t r a t i o n  o 
c r y s t a l s  w i t h  F = 20 pm i s  o f  t h e  same o r d e r ,  about  400 cm' 
1 6 4 1 .  

f a c e .  For  t h e  s p e c i f i c  c o n d i t i o n s  o f  Venus, d i r e c t  measurements 
o f  t he  Sun ' s  l i g h t  f l u x  i s  t h e  o n l y  way t o  make a r e l i a b l e  d e t e r -  
m i n a t i o n  of  t h e  a l t i t u d e  dependence o f  t h e  a t t e n u a t i o n  o f  t h i s  f l u x ,  
A s  we have s e e n ,  t h i s  i s  of fundamental  impor tance ;  i t  
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The mean v a l u e  

600 cm-3 f o r  micron- 5/2.rrr 
For  u r p o s e s  of  comparison,  we n o t e  t h a t  i n  t h e  

Measurement o f  i l l u m i n a t i o n  i n  t he  atmosphere and a t  t h e  s u r -  
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Fig. 85. Monochromatic spherical 
albedo .of Venus. Curve 1-the 
measurements; curves 2-4-cal- 
culations for a two-layer at- 
mosphere at F = 0.5, 1, 1.5 urn; 
curve 5-calculation f o r  a one- 
layer model at T~ = 0, ? = 1 pm. 

enables us to establish an energy 
balance of the atmosphere and the 
reasons for its heating, to ex- 
plain the structure of the clouds 
and the optical properties of 
the atmosphere at v a r i o u s  levels, 
and to determine the degree of 
illumination at the surface. 
However, it is very difficult to 
make optical measurements in the 
hot, dense Venusian atmosphere. 
The first such experiment was 
carried out on July 22, 1972, 
on Venera-8. Avduyevskiy et al. 
[8 ,  1901 and Marov et al. C4151 /253  
have published the basic results 
of the experiment, and our account 
here will follow their articles. 

The photometers on the 
Venera-8 were designed to measure 
light fluxes at sustained high 
temperatures up to 5OO0C, at 
pressures up to 100 atm, and under 
the impact of the high g-forces 
that arose when the descent ap- 
paratus entered the planetary at- 
mosphere. Since the- conditions Key: a. urn of light absorption in the at- 
mosphere were not known in advance, 

the instruments had to be sensitive over a wide range. Two identical. 
instruments, each with its own sensor and electronics unit, were 
installed in the descent apparatus to ensure that the experiment 
was reliable. 

Fig. 86 shows a picture of the sensor, and Fig. 87 shows its 
schematic, The light flux from the upper hemisphere entered through 
a vertically-placed glass light guide 1, which was enclosed in a 
layer of heat insulation 2 ,  and came to the sensitive element 3, / 254 
f o r  which a SF2-2 cadmium sulfide photoresistor was used. The 
radiation receptor which determines the spectral characteristics 
of the instrument, is on a special mounting 4; this mounting is 
placed inside the sealed and insulated casing 5, shown in Fig. 86. 
The temperature of the light sensor 3 was measured using a thermistor. 
A miniature standard lamp was installed at the side of the upper part 
of the light guide in order to check the working of the instrument. 

The sensors were set vertically in the parachute section of 
the descent apparatus. Since the open parachute blocked a solid 
angle of  about 0.05 steradian, i.e., about 1% of the field of view 
of the instruments, its influence on the results of the measurements 
was negligible. The electronics unit, which was inside the descent 
apparatus, transmitted signals proportional to the logarithm of 
the measured illumination in two channels: through the first channel 

, 



Fig. 86 .The  ene era-8 
photometer. 

as the illumination varied from 1 to l o 3  
lux and through the second chan el as 
th illumination varied from 10' to 
10 5 lUX.'O 

The altitude-dependent f l u x  of  
radiant energy from the upper hemisphere 
in the spectral interval h l  - A2 is 
defined by the expression 

where IA(h, PO,$) is the spectral den- / 255  
sity of the solar radiation at wave- 
length X at altitude h above the plane- 
t a r y  surface in a unit solid angle in 
direction 1, characterized by an angle 
with external vertical 0 = arccos 
LIO and the azimuthal angle Q reckoned 
from the solar vertical. 

Any photometer with an axisymmetri- 
cal radiation pattern (indicatric ) E ( e ) ,  
a photometer such as that employed on 
Venera-8, records only a certain frac- 
tion W of the radiative flux density 
incident at the receiving area of the 
device. This portion W unambiguously 
determines the output signal of the 
device. If, in addition to E ( e ) ,  the 
relative spectral sensitivity of the 
instrument S(A) is k e p t  in mind, ex- 
pression ( V . 3 0 )  is conveniently written 
as 

- L  

11 ( 1 , )  :.l \ i I ,  (1,. l t ) . f1 i  l ~ r l ~ l - I I I 1 ~ l  1 1  (v .  3 1 )  
* .  

Fig. 87.  Schematic of the 
sensor of the  ene era-8 For the Venus-8 photometer, the function 
illumination measure. 1 is 5 ( e )  satisfies the normalization condi- 
the light guide; 2 is the tion 
heat insulation; 3 is the 
sensitive element; 4 is 
the heat-regulation 
mounting; and 5 is the 
insulated casing. 

3kGB (-,.,c,---.\T,r: 
L+: : ." :: ,-;ii!.-l,*y 

- - .. _.* 

l o  These limits correspond to white light. 

c 



a 

The form of the sensor's indicatrix E ( e ) ,  which is shown in Fig. 88, 
is determined by the shape of the top end of the light guide. In 
order to expand the field of view to 27~  steradians, its upper part 
was made in the shape of a cone with an angle of 6 0 ° .  The obtained 
direction pattern provides sufficiently high accuracy if isotropic 
radiation is replaced by any possible angular distribution of ra- 
diation in the Venusian atmosphere at the altitudes of the Venera-8's 
descent. 

The spectral characteristics of  the photometer S(X) (Fig. 89) 
are within the limits A 0.4 pm to X = 0.8 pm, and the effective 
wavelength is X e f f  = 0.63 pm. The spectral characteristics were 
determined at various temperatures of the photoresistor and at 
various levels of illumination. The narrow lines in Fig. 89 denote / 2 5 6  
the area corresponding to the error in thedetermination o f  the func- 
tion S(X) and to its variation as the photoresistcr was heated d u r -  
ing descent to the Venusian surface. 

-- 

In order to establish the relationship between the readings 
o f  the instrument, the degree of illumination, and the temperature 
of the photoresistors, the instruments were calibrated in a photo- 
metric sphere, in which isotropic radiation was produced by a high- 
pressure 1 kw xenon lamp. The illumination within the photo- 
metric sphere was measured by a luxmeter with a selenium photo- 
sensor. During calibration, the output signal of the electronics 
unit wa measured at 20-30 points with variations in illumination 

various temperatures of the sensitive ele- /;!57 
ments, from -1OOC to + 8 5 O c ;  this range 
corresponded to the expected temperature 
range during descent for the instrument's 
design. Furthermore, control models of the 
instruments were heated to 15OoC, and the 
results of t h e i r  c a l i b r a t i o n  were used t o  
extrapolate the calibration characteristics 
of the flight models at higher temperatures. 

these measurements, it is necessary to know 
the proportionality factor between the 
illumination E in the photometric sphere 

of W recorded by the calibrated device. 

shows that the proportionality factor x 
between E and W is determined from the re- 
lation 

f rom 10 5 to 1 lux. These calibration cycles were performed at 

' I , !  \ 

In order to interpret the results of 

:'i. 
- -- 

' Y  
7 

Fig. 88. The indica- as measured by the luxmeter and the value 
trix of the Venera-8 
photometer Analysis of the calibratioc conditions 



where K is the sunlight output at 
Venus and equal to 9 9  lux/w.m'2; 
S is the spectral sensitivity 
oa'the photosensor of the l u x -  
meter; S ( A )  is the spectral 
sensitivity of the instru- 
ment; Bh is the energy distri- 
bution in the Sun's spectrum 
( S ( X )  E 1); and I 2 is the energy 

the xenon lamp. The value of x 
can be found experirrentally, 
by comparing the readings 
of the instrument, calibrated 
using a luxmeter and illuminated 
by the light of a standard lamp 
ribbon, with the value of W 
calculated according to (V.31) 

distribution in t x e spectrum of 

and calculated to include the F i g *  8 9 *  characteristics geometric factor of the source; of the Venera-8 photometer. 
\i 

. -  ----I,\ 24'' . . .  I . .  

' R  
( V . 3 4 )  

where G is the area of the lamp ribbon, E is the coefficient of 
emissivity, R is the distance from the lamp to th lig9t guide, 
c1 and c2 are radiation constants (c1 = 3.74*10-1gw.m- , 
1.438. lO'*m-deg); and T I  is the temperature of the lamp ribbon. 

x = 400+50 lux/w*m'*, a value that may be used to estimate the 
illumination created by solar diffused radiation. It is not dif- / 2 5 8  
ficult to see that the full energy of the light flux is Wz = 4W. 
The error of calibration is 220% ' and remains almost constant 
throughout the variation of W during descent i n t o  the Venusian 
atmosphere. 

c2 = 

Both methods result in a value of the proportionality factor of 

Table 20 gives the initial results of measuring W vs time. 
During the descent, there were twenty-seven measurements of illum- 
ination and nine measurements of the sensor temperature. The lat- 
ter made it possible to make the necessary corrections in the deter- 
mination of W. Also taken into account was an increase of 12% in 
the sensitivity of the instrument; this increase Warred during the 
time between calibration and the approach to Venus, and it was dis- 
covered two weeks before landing with the help of the standard lamp 
during communication with the station. Table 20 gives estimates of 

l 1  This includes luxmeter error (%lo%), uncertainty in the value 
of the factor x (%l5%), the error in the measurements of the sensi- 
tive element, and the random distribution of calibrated points. 

- 
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t h e  e r r o r  of measurement 6W; these estimates i n c l u d e  c a l i b r a t i o n  
e r r o r  and t h e  assumed e r r o r  i n  t h e  t r a n s m i s s i o n  of t e l e m e t r y  i n -  
format ion .  The l a s t  column i n  Table  20 g i v e s  v a l u e s  of i l l u m i n a t i o n  
c o r r e s p o n d i n g  t o  t h e  measured v a l u e s  of  W i n  a c a s e  where t h e  spec-  
t r a l  composi t ion  of r e c o r d e d  l i g h t  f l u x  c o r r e s p o n d s  t o  t h e  solar  
l i g h t  f l u x .  

F i g .  90 shows W (and t h e  c o r r e s p o n d i n g  i l l u m i n a t i o n  E ,  as 
assumed a b o v e )  v s  a l t i t u d e  above t h e  s u r f a c e  a t  t h e  l a n d i n g  s i t e  
a t  a s o l a r  z e n i t h  a n g l e  of 0 = 84.5 2 2.5O. The a l t i t u d e  dependence 
i s  c a l c u l a t e d  u s i n g  t h e  h y d r o s t a t i c  e q u i l i b r i u m  e q u a t i o n  and meas- 
u r e d  T and P d u r i n g  t h e  Venera-8 d e s c e n t .  
t h e  area of p o s s i b l e  d e v i a t i o n s  of t h e  e x p e r i m e n t a l  c u r v e s  as  a 
r e s u l t  of i n s t r u m e n t  e r r o r s .  Random e r r o r ,  de te rmined  by  t h e  d i s -  
t r i b u t i o n  o f  e x p e r i m e n t a l  p o i n t s  around a mean c u r v e ,  does  n o t  
exceed 10%. 

The narrow l i n e s  e n c l o s e  

The graph  c l e a r l y  shows two r e g i o n s  which differ p r i n c i p a l l y  
i n  t h e  n a t u r e  o f  changes i n  W(h). A t  a l t i t u d e s  0- (32  2 3)km, t h e  
mean v a l u e  of t h e  d e r i v a t i v e  dW/dh I s  s i x  t i n e s  less  t h a n  a t  a l t i -  
t u d e s  above 32 km. If we r u l e  o u t  t h e  i n f l u e n c e  of  d e n s i t y  b y  re- 
p l a c i n g  t h e  t r u e  a l t i t u d e  w i t h  t h e  c o r r e s p o n d i n g  s c a l e  
h e i g h t  / /  - \ !#  d, , .  where p and po are  t h e  d e n s i t y  of t h e  gas /259 
a t  a l t i t u d e  n and a t  t h e  s u r f a c e ,  t h e  change i n  t h e  c u r v e  a t  h = 
32 km shows up even  more c l e a r l y  ( t h i s  i s  s e e n  i n  F i g .  9 1 ) .  

I .  

Even a c u r s o r y  g l a n c e  a t  t h e  a l t i t u d e  dependence of i l l u m i n a -  
t i o n  measurements r e v e a l s  a number o f  s i g n i f i c a n t  r e g u l a r i t i e s .  The 
a t t e n u a t i o n  of the l i g h t  f l u x  a t  a l t i t u e s  0-32 km and t h e  n e a r -  
l i n e a r  c h a r a c t e r  of  t h e  curve  W(H) g i v e s  r e a s o n  t o  assume t h a t  t h e  /260 
r e d u c t i o n  of  l i g h t  f l u x  i n  t h i s  r e g i o n  i s  b a s i c a l l y  caused by Ray- 
l e i g h  s c a t t e r i n g  i n  c a r b o n  d i o x i d e .  A t  a l t i t u d e s  above 32 km, t h e  
a t t e n u a t i o n  of  l i g h t  c a n  be e x p l a i n e d  b y  assuming a pronounced con- 
t r i b u t i o n  by a e r o s o l s ,  which are  most p r o b a b l y  r e l a t e d  t o  the  pre-  
s e n c e  o f  c l o u d s  here.  A s  we have s e e n  ( c f .  S e c t i o n  I V . 7 ) ,  c u r r e n t  
estimates l o c a t e  t h e  c l o u d  tops a t  l e v e l  P 0 .05  atm, o r  a t  
h = 65-70 km, which i s  much h i g h e r  t h a n  t h e  a l t i t u d e  a t  which t he  
d e s c e n t  a p p a r a t u s  began i t s  i l l u m i n a t i o n  measurements ( h  50 km). 
The Sun was 5.5 -+ 2.5' above t h e  h o r i z o n ,  tt)e f l u x  o f  l i g h t  e n e r g y  
a t  t h e  c l o u d  topswas F'(h,) = 260 2 1 4 0  w/m , wh3ch i s  e q u i v a l e n t  
t o  r e a d i n g s  on t h e  i n s t r u m e n t  of  W = 65  2 35 w/m . Hence it f o l -  
lows t h a t  above 50 km t h e  a t t e n t u a t i o n  o f  l i g h t  i s  by a b o u t  a f a c -  
t o r  o f  7 ;  and between 50 and 32 km by about  a f a c t o r  o f  t h r e e .  I n  
t he  r e g i o n  32-0 k m ,  l i g h t  i s  a t t e n t u a t e d  by a f a c t o r  o f  dl. 

Thus, t h e  atmosphere above 50 km i s  comparable ,  i n  terms of /261 -- 
o p t i c a l  d e n s i t y ,  t o  t h e  l o w e r - l y i n g  atmosphere from t h e  s u r f a c e  t o  
32 km a l t i t u d e .  The o p t i c a l  d e n s i t y  o f  t h e  atmosphere d e c r e a s e s  
as  m o l e c u l a r  d e n s i t y  i n c r e a s e s .  The t o t a l  a t t e n u a t i o n  of l i g h t  
r e a c h e s  a lmost  two o r d e r s  o f  magnitude and ,  a t  t h e  s u r f a c e ,  r e a c h e s  
about  1% of t h e  S u n ' s  r a d i a n t  f l u x  i n c i d e n t  a t  Venus. S i n c e  t h e  
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measuremer 
I 

ORIGINAL PAGE IS 
OF POOR QUALITY ' 8 ,  - 1 % )  I 

.,* 

a l b e d o  o f  Venus i n  t h e  v i s i b l e  r e g i o n  i s  abou t  80% ( c f .  F i g .  l), 
abou t  20% o f  t h e  s o l a r  energy  i s  absorbed  b y  t h e  a tmosphere  and t h e  
c l o u d s .  The d iagrams i n  F ig .  92 i l l u s t r a t e  t h i s .  F i g ,  9 2  a l s o  
p l o t s ,  i n  r e l a t i v e  u n i t s ,  t h e  p r o f i l e s  of  t o t a l  a t t e n u a t i o n  of  s o l a r  
r a d i a t i o n  a c c o r d i n g  t o  t h e  c a l c u l a t e d  da t a  i n  Tab le  15 f o r  t w o  var-  
i a n t s  of  Ps a n d % ;  h e r e  $ ( e )  - $(XI r e f e r s  t o  t h e  r e g i o n  above t h e  
c o n d e n s a t i o n  l e v e l  f o r  h y p o t h e t i c a l  H20 c l o u d s  up t o  t h e  c o n d i t i o n a  
uppe r  boundary a t  h 70 k m .  A s  w e  see,  t h e  measured p r o f i l e  W(h) 
d i f f e r s  s u b s t a n t i a l l y  from t h e  c a l c u l a t e d  p r o f i l e ;  a t  t h e  same t i m e ,  
t h e  t o t a l  a t t e n u a t i o n  of s o l a r  l i g h t  a t  t h e  s u r f a c e  o f  Venus -- 
a c c o r d i n g  t o  P o l l a c k ' s  [463]  e s t i m a t e s  f o r  an  a tmosphe r i c  and c l o u d  
model -- i s  o n l y  s e v e r a l  t imes h i g h e r  t h a n  t h e  e x p e r i m e n t a l  v a l u e  
o f  WE. 

O p t i c a l  models of  t h e  lower a tmosphere .  The r e s u l t s  of  meas- 
u r i n g  t h e  amount and c h a r a c t e r  o f  a t t e n u a t i o n  o f  t h e  f l u x  o f  s o l a r  
r a d i a n t  ene rgy  opens up p o s s i b i l i t i e s  of o b t a i n i n g  s p e c i f i c  i n f o r -  / 2 6 3  
mat ion  a b o u t  t h e  o p t i c a l  p r o p e r t i e s  of  t h e  atmosphere below t h e  
v i s i b l e  boundary of  t h e  c l o u d s .  Problems o f  t h i s  s o r t ,  which a re  
u s u a l l y  c a l l e d  " i n v e r s e "  problems,  b e l o n g  t o  t h e  c l a s s  of i l l - p o s e d  
problems for which s i g n i f i c a n t  p r o g r e s s  of t h e  t h e o r y  h a s  r e c e n t l y  
been made. Most " i n v e r s e "  problems c u l m i n a t e  i n  t h e  n e c e s s i t y  t o  
s o l v e  a Fredholm i n t e g r a l  e q u a t i o n  o f  t h e  f i r s t - k i n d .  Tiknonov ' s  
r e g u l a r i z a t i o n  method C156, 1571 i s  wide ly  used  as  an  i n v e r s i o n  

V 
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Fig. 90. The measured dependence of 
W on altitude above the Venusian 
surface at e =  84.5 f 2.5'. The 
thick solid curve approximates 
the experimental points, and the 
narrow lines bound the area of 
possible errors of measurement. 

Key: a. pm 
b. lux 
c. w/m* 

algorithm; methods of math- 
ematical statistics are also 
used C1591. 

Unfortunately, even in 
an analysis of reflected ra- 
diation, the lack of infor- 
mation about the optical 
properties of the medium 
stand in the way of an 
unambiguous interpretation 
of the curve W(h), because 
of the large number of param 
eters on which the measured 
profile depends. In these 
conditions, it is less time- 
consuming to calculate ra- 
diative transfer models by 
assigning a number of specific 
parameters o f  the mediun and 
then to vary the parameters and 
try to select a profile F-(h) 
that is close to the measured 
profile. 

The calculations of 
Avduyevskiy et al. [ 8 ,  1901 
have confirxed the assump- 
tion that the attenuation of 
light in the atmosphere b low 
h = 32 km (from %3.5  w/cm* to 
$1 w/m2) are basically caused 
by Rayleigh scatterinff. The - 

functions W (H) are used to estimate the ranges of  values that do 
not contradict the experimental data: the volume scattering coef- 
ficient of the medium 0, the single scattering albedo w0,the surface 
albedo a, and the spectral composition of light near level h -u 32 km. 
It turned out that regardless of the surface albedo (in the inter- 
val a = 0 -0 .6 )  and the spectral composition of the clouds, the 
scattering coefficient of the atmosphere at altitudes 0-32 km is 
not more than 30% greater than Rayleigh scattering in C 0 2 ,  while 
w o  I 0.995. 

Lukashevich et al. C92]  have done more comprehensive calcula- 
tions, including an analysis of the optical characteristics of the 
atmosphere above 32 km, and their findings have helped us to under- 
stand what atmospheric model best satisfies the measurement data 
W (h). 

We shall use their work to examine the atmospheric region from / 264  -- 
the surface to 50 km, viewing it as a two-component medium consisting 
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'OF QLT'LLTTL of C O 2  molecu le s  and a e r o s o l s  

of a n  undetermined n a t u r e .  The 
molecu la r  component i s  known 
rather  well, and t h e  mosttfwork- 
a b l e "  ( i . e . ,  i n  agreement  w i t h  
e x p e r i m e n t a l  d a t a )  o p t i c a l  cha r -  
a c t e r i s t i c s  o f  t h e  medium (vol -  

s i n g l e  s c a t t e r i n g  a l b e d o , ~ ~ -  
t i c a l  t h i c k n e s s ,  t h e  parameter 
of  t h e  s c a t t e r i n g  i n d i c a t r i x )  

a 

__-_---- ------- - - trp ----- ume s c a t t e r i n g  c o e f f i c i e n t ,  

* ,  

Fig. 91. 

Key: a .  
b .  

can g i v e  d e f i n i t e  i n f o r m a t i o n  
about  a e r o s o l s .  

We sha l l  u s e  t he  Schwarzs- 
c h i l d  approx ima t ion  g e n e r a l i z e d  
for n o n - i s o t r o p i c  s c a t t e r i n g .  
The o r i g i n a l  r e l a t i o n s  

I 

t i  21 \* 1 ,  ( I , ) , l W ,  21 j I ( ( ; ) ( I %  
b 8 I 

lead t o  e q u a t i o n s  W vs  s c a l e  h e i g h t .  

km 2 w/m (V.36) 

where F+ and F- a re  f l u x e s  of  a s c e n d i n g  and descend ing  r a d i a t i o n ,  
j = 1 - w r ,  and r i s  de te rmined  from (V.27) .  E q u a t i o n s  ( V . 3 5 )  
and (V.369 are  o b t a i n e d  on t h e  a s sumpt ion  t h a t  t h e  d i s t r i b u t i o n  of 
s c a t t e r i n g  and  a b s o r b i n g  components i n  t h e  s t u d y  area o f  t h e  a t -  
mosphere and the scattering l a w  do n o t  v a r y  with a l t i t u d e ,  i . e . ,  
w o ( h )  = c o n s t ;  x ( h ,  4 )  = ~ ( $ 1 .  The s o l u t i o n  o f  t h e  sys tem has the  
form : 

V 

. 

where c1 and c 2  are c o n s t a n t s  of i n t e g r a t i o n .  
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F i g .  92 .  A t t e n u a t i o n  of  i n c i d e n t  so- 
l a r  ene rgy  i n  t h e  Venusian a tmosphe re  
The t h i c k  s o l i d  l i n e  i s  t h e  measure- 
ments ;  t h e  t h i c k  broken line i s  an  
e x t r a p o l a t i o n  t o  t h e  c o n d i t i o n a l  
upper  boundary of  t h e  atmosphere,  
a t  which W = 

t h e  a t t e n u a t i o n  index  i n  t h e  layer 
h n + l  - hn.  The wavy l i n e s  a r e  t h e  
c o n d i t i o n a l  condensa t ion  l e v e l s  
c o r r e s p o n d i n g  t o  a o n t e n t  o f  

The do t -  fH 0 
teg lines are h y p o t h e t i c a l  c l o u d s :  

I11 - 
Hg2C12*lO3f I V  - HgS; V - Hg a t  
c o r r e s p o n d i n g  v a l u e s  of  r e l a t i v e  
p a r t i a l  p r e s s u r e  o f  t h e  i n d i c a t e d  
components fi ( a c c o r d i n g  t o  L e w i s  
C4001) .  The s t i p p l e d  area i s  t h e  
a r e a  o f  p o s s i b l e  H 0 " p r e c i p i t a t i o n " .  
The dot ted-dashed  l i n e  i s  t h e  c a l -  
c u l a t e d  p r o f i l e  of a t t e n u a t i o n  o f  
s o l a r  r a d i a t i o n  a c a o r d i n g  t o  Tab le  
1 5  a t  Ps = 200 a t m ,  T = 4 3  (1) and 
Ps = 50 atm, 'cC = 1 8  7 2 )  i n  r e l a t i v e  
v a l u e s  ( JI = 1 a t  the  upper  boundary).  
The broken  c u r v e s  are t h e  c a l c u l a t e d  
p r o f i l e s  of t o t a i  h e a t  r a d i a t i o n  a t  
f ~ ~ 0 = 1 0 3  and 1 0 -  ( c f .  S. V.4) .  Values 
of W(0=84.5")  and W , ( 8 - O o )  are shown 
on the a b s c i s s a .  

K = W n / W n + l  i s  v 

= lo-* and 10' 3 . 
I - H20; - H20 i- HC1; 

For  pu rposes  of  com- /265 
p a r i s o n ,  one may a l s o  use 
t h e  a sympto t i c  method, f o r  
example,  t h e  Rozenberg f o r -  
mula C1391, f o r  descend ing  
l i g h t  f l u x  i n s i d e  a t h i c k  
l a y e r :  

/ ~ / ,; ) _'_. - - -- - ---- - 
:*,,_ 1 1 1 . '  - 1 I n  

I--- (v .  39 )  ., . I , _ _  - - - -  
- #  . I 1  , 

where u and z are p a r a m e t e r s  
de t e rmined  i n  t h e  p r o c e s s  of  
t h e  c a l c u l a t i o n ,  w h e r e i n  

The pa rame te r  R = 4 b ,  which 
c o r r e s p o n d s  t o  (V.26) ,must  be 
a s s i g n e d .  The p roduc t  
p o g ( p  )Io(p)dw i s  c o n s i d e r e d  
a c e r g a i n  consFant  f o r  a g i v e n  

The boundary c o n d i t i o n s  a t  t h e  
upper  and lower  b o u n d a r i e s  
o f  t h e  s t u d y  area a re  deter-  
mined, r e s p e c t i v e l y ,  b y  the  
measured v a l u e  o f  d e s c e r d i n g  
f l u x  and t h e  v a l u e  o f  t h e  f l u x  
r e f l e c t e d  f rom t h e  u n d e r l y i n g  
s u r f a c e :  

PO 

( V .  4 0 )  

Here,  TI ( h )  i s  t h e  t o t a l -  op- 
t i c a l  t h i c k n e s s  of  t h e  l a y e r ,  
whose dependence on a l t i t u d e  i s  
assumed t o  be i n  t h e  f o r m  
T I  ( h )  % P ( h ) .  

F ig .  93 shows examples  
of c a l c u l a t i o n s  o f  t h e  f l u x  
of descend ing  s o l a r  r a d i a t i o n  
u s i n g  t h e  Schwarzsch i ld  method 
( V . 3 7 )  - ( V . 3 8 )  and by u s i n g  
t h e  a s y m p t o t i c  formula  ( V . 3 9 )  
f o r  a one - l aye r  homogeneous 
a tmosphe r i c  model a t  

: ,  . i i . ( ; , i  1 .  eff.0: I , .  ': 

TL e f f ; t o , 4 ,  1 - 4 /: - ! ,  

1 9 7  



In order to estimate the accuracy of these approximate solutions, 
the results of very accurate numerical solutions produced on a 
Series-4 computer are also given. The calculations lead to several 
important conclusions about the regularity with which F-(h) varies 
as wo decreases, R increases, and as the degree of reflection from 
the underlying surface changes; they also allow one to estimate 
the error and convergence of various approximations. It is clear 
above all that the assumed one-layer model is incompatible with 
measured data at any w o  and ~ ( 4 ) .  Nor is this surprising, since, 
as we have seen, the experimental profile W(h) leads to conceptions 
that there are two layers with different attenuation indexes K in 
the region of measurements. 
do not reveal any appreciable difference, which confirms the pre- 
vious conclusion that the surface albedo only weakly influences the 
structuqe of the flux. 
i.e., F (T = 
Rayleigh scattering, finally, calculations using formulas ( V . 3 7 )  - 
( V . 3 8 )  and ( V . 3 9 )  and calculations using numerical methods y i e l d  
essentially the same results. 
greatly elongated indicatrixes; according to (56), t h e  error of the 
two-layer approximation method is 9-12% in reflection and 12-16% in transmission. 

1 2 6 6  

Calculations with various values of a 

Henceforth, therefore, one may assume a = 0, 
= 0, without significant error. In the case of 

Certain differences appear with 

t 

F i g .  93. Variation of illumination with altitude for a one- 
layer model. The thick solid curve is the measurements, ' 

the broken lines are the errors of measurement. The " x t s t t  
denote a numerical solution of the transfer equation at 

tgymptotic formulas E1391  at w 0  = 1, a = 0,R = 4 / 3 ;  lb-cal- 
culations using asymptotic formulas E1391 at w 0  = 1, a = 0, 

= 4; 2a-calculations using the Schwarzschild method at 
w o  = 1, a = 0; 2b-calculations using the Schwarzschild method 
a t q  = 1, a = 0.85. 
using the Schwarzschild method at = O ( j  = l), a = 0 and 
w = 0 .90 ,  0 .95 ,  - 0.975 and 0 . 9 9 ,  respectively. In Figs. 
99-95, FS f . . 
Figs. 94 and 9 5  show calculations for two variants of two- 

They were obtained by solving equations ( V . 3 7 )  - 

= 1, a = 0 and a Rayleigh indicatrix: la-calculations using 

Curves 3, 4, 5 and 6 are calculations 

/ 267 
layer models. 
(V.38) at each 1-th layer at tabulation over the parameters 



( i )  (i), where i = 1, 2 ,  wherein 0 - (1) 
T , wo , j <  
32 km 5 Ahi=* - 50 km. The c o n d i t i o n s  a t  t h e  
l a y e r s  a t  h = 32 krn, i n  a d d i t i o n  t o  t h e  boundary c o n d i t i o n s  ( V . 4 0 ) ,  
are a s s i g n e d  i n  t h i s  c a s e  -- by s t a r t i n g  w i t h  c o n s i d e r a t i o n s  a b o u t  
t h e  c o n t i n u i t y  of  one-way f l u x e s :  

(V.41) j &,( r  t a t  ORIGINAL PAGE Is 
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e r  l a y e r  i s  c o n s i d e r e d  a p u r e  R a y l e i g h  non- 
- ' I ~ ,  X e f f  = 9 ,  w h i l e  f o r  t h e  upper  l a y e r ,  t u  - I n  b o t h  V a r i a n t s ,  t h e  

abso rb ing  l a y e r  w i t h  'I 
t h e  two l i m i t i n g  c a s e s  o f  l a r g e  and small o p t i c a l  t h i c k n e s s  are 
r e a l i z e d  as a f u n c t i o n  of t h e  predominant r o l e  o f  s c a t t e r i n g  or 
t r u e  a b s o r p t i o n .  

' A s  we see, b o t h  l i m i t i n g  c a s e s  i n  t h e  c h o i c e  o f  s p e c i f i c  
p a r a m e t e r s  o f  t h e  upper  l a y e r  are  i n  much b e t t e r  agreement w i t h  t h e  
measured p r o f i l e  W(h). R e g a r d l e s s  o f  t h e s e  p a r a m e t e r s ,  t h e  r e s u l t s  
of  a n a l y z i n g  t h e  e x p e r i m e n t a l  d a t a  181 about  t h e  s a t i s f a c t o r y  ap- 
p r o x i m a t i o n  o f  t h e  lower  l a y e r  o f  t h e  Rayle igh  s c a t t e r i n g  model, 
i . e . ,  a b o u t  i t s  low d u s t  c o n t e n t ,  are conf i rmed.  A p o s s i b l e  d e f o r -  
mat ion  of  t h e  s p e c t r a l  composi t ion  o f  t h e  f l u x  o f  r a d i a t i o n  a t  
X'eff > A e f f ,  as  i s  shown i n  t h e  c a l c u l a t i o n s ,  does  n o t  change t h i s  
c o n c l u s i o n .  It i s  noteworthy t h a t  t h e s e  c o n c e p t i o n s  a g r e e  w i t h  
data on t h e  low wind v e l o c i t y  i n  t h e  n e a r - s u r f a c e  r e g i o n  of t h e  
Venus a tmosphere ,  d a t a  o b t a i n e d  from measuring r a d i a l  v e l o c i t y  
d u r i n g  t h e  l a n d i n g  of  d e s c e n t  a p p a r a t i  ( c f .  S e c t i o n  I V . 6 ) .  

An a g g r e g a t e  of  t h e  c a l c u l a t e d  c u r v e s  for t h e  upper  l a y e r  
( i  = 2 )  a l l o w s o n e  t o  p i c k  o u t  t h e  p a r a m e t e r s  t h a t  g i v e  r e s u l t s  

n o p t i c a l l y  c l o s e s t  t o  a c t u a l  a t t e n u a t i o  

t o  t h e  f i r s  f two a It i s  c l e a r  

ment with t h e  e x p e r i k k n t a l  p 
o p t i c a l  p a r a m e t e r s  0 .85  - < w o  797 
1 nd 2b i n  F i g .  9 f 2 ~  r e  c l o s e s t  to (Y5h)  a t  = 0 .95  and ,t2a = 0 ;  and a t  w o  = 0 . 7 3 ,  i . e . ,  an  i n c r e a s e  
i n  t h e  e l o n g a t i o n  of t h e  s c a t t e r i n g  i n d i c a t r i x  should  l e a d  t o  an  
i n c r e a s e  i n  a b s o r p t i o n .  

2 0 )  c o r r e s p o n d s  

A s a t i s f a c t o r y  a g r e e -  

t h i n  a b s o r b i n g  atmosphere (T? 

t h a t  when T t2? = 3~ (3  , I' > 0 i s  more l i k e l y .  
i l e  is assured v hin the  range of 

0 . 9 5 ;  o 5 r @j 5 0 . 7 3 .  Curves /269 -- 
= 0 . 9 0  and r 

The second model i s  a s s o c i a t e d  w i t h  a non-absorbing,  b u t  
s t r o n g l y  s c a t t e r i n g  upper  l a y e r ,  % .e . ,  a l a y e r  w i t h  a powerful 

s o l  comporsqt and a 5 r e a t l y  e l o n g a t e d  i n d i c a t r i x ,  so  t h a t  

v a r y  as a f u n c t i o n  of r ( 2 )  ( c u r v e s  1 - 2 )  and 
A f u l l y  a c c e  b l e  a g r e  m n t  w i t h  t h e  e x p e r i m e n t a l  p r o f i l e  W(h) i s  
a s s u r e d  a t  T y$t 

- - 1, r (  ) > 0. The c a l c u l a t e d  c r v e s  i n  F ig .  95 
( c u r v e s  2-5) .  

50 ;  r T2e  = 0.73. 

It was d e m o n s t r a t e d  i n  S e c t i o n  I V . 7  t h a t  i n  a h y p o t h e t i c a l  
water-and-ice c l o u d  model, t h e  c o n d e n s a t i o n  l e v e l  as a f u n c t i o n  
of water vapor  c o n t e n t  i n  t h e  atmosphere e x t e n d s  above 59 km. 

199  
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Fig. 94. Illumination vs altitude for a two-layer model. 
The thick solid curve is the measurements, the(Y7maining 
l'n s are c 1 ulations. In the lower layer,wo = 1, tl'i = 0, T ?IF = all ca 7 5 8 ;  in the upper layer, the r 
parameter (21,  w o  
va u s: T T ~ ~  = 3 (except model 3, where T t2e = 0.80 (mode w 0  3, 4); 1.0 ( 2 a ) ;  r 
(4); 0.73 (la, lb, IC, 3 ) .  

and r 

0.90 (lb, 2c); 0.95 (la, 2b, 
12)bi;0 (models 2a, 2b, 2c); 0.53 

Key: a. km 
b .  w/m 

Both models of the 32-50 km layer should in thi.s case be viewed 
either as the result of penetration of cloud particles into the 
lower-lying atmosphere or as the r e s u l t  of t h e  presence at these 
altitudes of clouds consisting of condensates of another chemical 

the characteristics of reflected radiation taken into account, the 
model of an optically dense upper layer with little true absorption 

an optica 15s thin rnpgel, since in the region above 50 km, 
aclo >> (J and wo < are quite possible. It is interesting 

corresponding P and T almost down to the level where a "break" 
in the curve W(h) is observed. Does this not mean that the measured 
character of attenuation of light flux is related to the falling 
of "rain" drops down to th& boiling level? Fig. 9 2  tentatively 
shows the boundaries of the hypothetical clouds in the Venusian 
atmosphere and a region of possible H20 "precipitation." 

Assuming that below 50 kn! there is a.ri optically deep regime, 
it is possible to obtain an independent estimate of absorption in 
the layer i = 2. As is known ( c f .  [139, 1493, in this case 

I nature -- as was discussed in Section IV.7. With an analysis of 

I is more realistic; although it is of course impossible to reject 

I to l ook  at a curious phenomenon: water can exist as a liquid at I 

i 
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Fig. 9 5 .  Illumination vs altitude for a two-layer model. 
The thick solid curve is the measurements 
t e calculations. In the lower 

r = 0 (1); 0 .73  ( 2  - 5 ) .  

~ 2 1 )  = 9 in all cases. 
(yypls 1, 2 ) ;  25 ( 3 ) ;  40 ( 4 1 ,  5 0  

In the upper 

( V .  4 2 )  

and if the role of true absorption is small, the parameter k can /;!70 
be determined by using the asymptotic formula ( v . 2 8 ' ) .  It is 
clear from (V.42) that 

and, at values of optical density corresponding to the two variants 
of the models examined, we have r ::; (a$) -:; 0.96. 

r .-AI; ,.by 0.999. 

which is in good agreement with the estimates of these values 
cited above. 

Our previous judgments (which were based on an analysis of 
reflected radiation) about the optical properties of the clouds and 
the subcloud atmosphere do not contradict these optical models. Un- 
fortunately, it is impossible to establish a direct link, since 
in the presence of dense clouds the lower-lying regions weakly in- 
fluence the spectrum of  reflection. However, it is possible to 
maintain that the conception of a cloud layer at the reflection 
level with an optical thickness on the order of several tens and at 
0.99  < o0 < 1 is compatible with measured values of W(h) at 
h = 49 km. 

a 

2 0 1  



Article [ 9 2 ]  estimates the coefficients of scattering, absorp- 
ti n and concentration of cloud particles in the layer 

= 32 - 50 km. Since V 

* 

where Q = 2 is the scattering cross section of the particles, which 
are assumed to b e  rather large in the region of the "precipitation," 
r = 10 pm, we have at 'I = 3 (wo = 0 . 9 5 ) :  

% ] I 1  - ' 1  *\ 1 1 . ;  I - : 1 1 1  

If it is furth r assumed that r = 1 urn, then we accordingly have 

ea? = nAh, wherein 1 5 n 1. 2 at 
T 6 5 and 3 - n 5 6 at 10 5 T 5 100, it is easy to ascertain to 
what kind of absorption the obtained va1ues.a correspond. F o r  
both models, it turns out to be on the order cf 5 0 % ,  i.e., it sat- 
isfies measurement data within an order of magnitude (actual ab- 
sorption is, as we have seen, about 20%). 

N = 30-500 cm -5 . Recalling that absorption is equal to 
and that< according to [77a] 

1 2  7 1  

The conclusion concerning atmospheric transparency, a conclu- 
sion made from Venera-8 results, is of fundamental significance. 
It means that, despite the seeming insignificant value of trans- 
mission (GlX), at the surface of the planet one may expect an 
appreciable ( in Earth terms) illumination. In fact, if the illum- 
ination of the Venusian surface E .̂ 400 lux is compared with the 
Earth's illumination at the same ?ow position of the Sun, E@ = 3000 lux 
c1711, it turns out that the former is less than the latter only 
by about an order of magnitude. This comparison is of course very 
approximate, since it assumes that the spectral composition of the 
light flux is, for all practical purposes, the same as the Sun's. 

Because there are no data on the variation of diurnal illum- 
ination on the Venusian surface with the Sun's elevation, we will 
estimate the illumination on the planet at 8 E oo  by analogy with 
calculations for the Earth's atmosphere in more or less comparable 
conditions, even though the peculiarities of %he light regime in 
deep layers can introduce specific corrections (cf. [149]). The 
most probable model of the Venusian atmosphere, a model with a 
dense cloud layer extending to h 2 32 km and w i t h  a lower-lying 
Rayleigh layer, can be viewed as a first approximaticn of a similar 
model of an Earth atmosphere w i t h  c l o u d s .  In a d d i t i o n ,  estimates 
of the Venusian surface albedo show that it is not large (probably 
within a = 0 - 0.6),  which allows one to compare the Venusian sur- 
face with the Earth's surface with no snow cover. 

2 0 2  
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Fig. 96 shows the family of curves that indicate how the 
illumination of the Earth's surface without a snow cover varies 
every day as a function of the zenith angle 8 (according to [1701). 
The dashed line is the cosinusoidal dependence. Values of the Earth's 
illumination (on scale E@ at left) are given for zenith angles from / 2 7 2  
8 5 O  to 3 5 O ,  since it is usually thought that if the Sun is in a 
higher position, the illumination for diffused radiation changes 
only insignificantly. The strong cloud cover on Venus can attenuate 
solar light more strongly than cumulus clouds on Earth. It is 
reasonable to assume that there is continuous shade on the Venusian 
surface, inasmuch as breaks in the optically thick Venusian clouds, 
breaks through which the Sun might be seen, are not very likely. 
Apparently, curves 4-9, which do not differ much from a cosine 
curve, are closest to the conditions that interest us. The extrapo- 
lation of curves 4 and 9 (the dotted-dashed lines) give the extreme 
values of illumination on the Venusian surface, provided they are 

8 = 8 5 O .  
the corresponding ordinal axes. 

I_ 

(normalized to the measured value E = XW at the landing site at 
Fig. 96 gives values of W and E@ at other zenith angles on 

The approximate character of these estimates of E@ ( 8 )  is caused 
by not fully adequate conditions in the Venusian and Earth's atmos- 
pheres and by the assumption of identical spectral composition of 
the light flux that for practical purposes corresponds to the Sun's. 
In fact, as light passes through a Rayleigh layer of significant /273  
optical thickness, a redistribution of energy in the solar spectrum 
takes place. Less significant are the clouds, in which scattering 
is predominantly non-selective (cf. p.(179 1. Fig. 97 shows the de- 
formation of the spectral composition of the light flux as compared 
to the original distribution of a Rayleigh atmospheric layer with 
parameters corresponding to the Venusian atmosphere. As we see, 
the maximum radiation is shifted into the longwave region. However, 
these estimates are realistic only if T X  are not t o o  large even along 
the line of the beam. Ir? a more r e a l i s t i c  Venusian atmosphere,  
conditions are closer to the light regime in a semi-infinite medium 
where multiple scattering occurs. If w0 = 1, then, as is well-known 
(cf. [1713), a shift of the spectral composition of the solar 
radiation into the dark-blue region is possible at the surface -- 
because of illumination by an atmosphere in which dark-blue quanta 
predominate. At tlie same time, since w 0  < 1 in the dense, multiple- 
scattering atmosphere of Venus, it is most likely that the shortwave 
region of the spectrum will experience stronger absorption. This 
should result in a noticeable change in the color index (a shift 
into the red region). Biryukov et al. C151 have more closely 
examined the problem of the spectral composition of the radiation 
and have estimated the amount of contrast at the Venusian surface. 

Estimates of the full flux of solar energy WE that reaches the 
surface can vary as a function of the deformation of the spectral 
composition in the Venusian atmosphere, since the starting points 
of these estimates are the results of measurements in a specific 
region of the spectrum. A calculation of these features gives 
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s i t e  on t h e  s u r f a c e .  F i g .  96  
shows t h a t  a t  0 = O o ,  
Wf = 3.8 - 9 . 6  w/cm2 ( i n  r e a d i n g s  
of  t h e  Venera-8 photome e r ) ,  or 
Wo = 1 5 . 2  - 38.4 w/cm . We f i n d  
f r o m  t h i s  t h a t  t h e  mean v a l u e  of  
t h e  f l u x  of  s o l a r  energy  i n c i d e n t  
a t  t h e  Venusian daz s i d e  i s  w = 1 0  - 2 w/m . By t a k i n g  

b t h g v p r o p o r t i o n a l i t y  f a c t o r  x i n t o  
account  as i n  ( V . 3 3 ) ,  we have 
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F i g .  9 6 .  V a r i a t i o n  of  i l l u m i n a -  
t i o n  on t h e  E a r t h ' s  s u r f a c e  
w i t h o u t  snow c o v e r  E@ w i t h  t h e  
e l e v a t i o n  of t h e  Sun -- for 
v a r i o u s  t y p e s  of  c l o u d s :  1-no 
c l o u d s ;  2 a - c i r r u s  c l o u d s  C i ,  
C s ,  t h e  Sun i n  t h e  c l o u d s ,  ~ 1 / 4  
o f  t h e  sky cove red ;  2b-same, 
d / 2  cove red ;  2c-same, e n t i r e  
s k y  cove red ;  3-cumuloc i r rus  
c l o u d s  Cc; 4-al tocumulus 
c l o u d s  Ac, e n t i r e  sky  cove red ;  
7-cumulonimbus c l o u d s  Cb, en- 
t i r e  s k y  cove red ;  8 - s t r a t u s  
c l o u d s  S t ,  s o l i d  c l o u d i n e s s ;  
9-nimbus c o u l d s  N s ,  s o l i d  
c l o u d i n e s s .  The c u r v e s  a r e  
t i e d  t o  scales of W and E = 

W f o r  e = 8 4 . 5 O ,  t h e  c r o s s  i s  
W/W,ea = 1. The dashed  l i n e  is 
a c o s i n e  c u r v e .  The dashed- 
d o t t e d  l i n e  i s  a n  e x t r a p o l a t i o n  
o f  c u r v e s  4 and 8 ,  which p re -  
sumably bound t h e  p r o b a b l e  con- 
d i t i o n s  o f  i l l u m i n a t i o n  on Ven- 
U S ,  a t  e =: Oo. 

9' r2. 
1 

Key: a .  l u x  
b .  w/m2 

V.4. R a d i a t i v e  Heat Exchange i n  
t h e  Atmosphere. 

Longwave r a d i a t i G n  t r a n s f e r .  
The s i ze  and c h a r a c t e r  of  r a d i a t i v e  
heat  f l u x e s  i n  t h e  a tmosphere  i s  
de t e rmined  by  their p h y s i c a l  
s t r u c t u r e ,  and ,  i f  t h e  chemica l  
compos i t ion  i s  known, t h e y  can  be 
c a l c u l a t e d  from a c t u a l  tempera-  
t u r e  and p r e s s u r e  v a l u e s .  A know- 
l e d g e  o f  t h e  f u n c t i o n s  T ( h )  and P(h) 
a l l o w s  one t o  make t h e  a p p r o p r i a t e  
c a l c u l a t i o n s  for t h e  lower atmos- 
phe re  o f  Venus.  

R a d i a t i v e  t r a n s f e r  i n  the 
s p e c t r a l  r e g i o n  of t h e  p l a n e t ' s  
own heat emission shows a number 
of d i s t i n c t i v e  c h a r a c t e r i s t i c s .  
The predominant  r o l e  i s  p l a y e d  b y  
gaseous  a b s o r p t i o n  b y  m u l t i a t o m i c  
m o l e c u l e s ,  e s p e c i a l l y  a t  l a r g e  
o p t i c a l  masses o f  gas, because  
( i n  t h e  Venusian a tmosphere)  
a b s o r p t i o n  i s  s t r o n g l y  dependent  
on t h e  the rmophys ica l  p a r a m e t e r s  
of  t h e  medium. I n  e x p r e s s i o n  
( V . 1 5 )  one may t h e n  a s s i g n  
og + 0 and 
Consequent ly ,  t h e  problem o f  de- 
t e r m i n i n g  t h e  a t t e n u a t i o n  o f  long-  
wave r a d i a t i o n  i s  reduced  p r i m a r -  
i l y  t o  f i n d i n g  t h e  monochromatic 
o p a c i t i e s  of t h e  m i x t u r e s  of  g a s e s  
found i n  t h e  Venusian a tmosphere  -- 

V 

a 
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C 

Fig. 97. The spectral dis- 
tribution of energy in so- 
lar light at the boundary 
of the atmosphere lo~(1) 
and after passing through 
a Rayleigh non-absorbing 
layer (direct beams ) . 
IA = c - ~ X  at 

Key: a.Cal/cm2-min-pm 2 
b.Cal/cm -min-pm 
c .pm 

C 0 2  and H 0 (and also small components, 
whose inf !l uence can be appreciable). 

The gaseous absorption of radiation 
is determined b y  a number of independent 
parameters, including the monochromatic 
absorption coefficient, temperature, 
total pressure of the medium, partial 
pressure of the gas, the dependence of 
spectral line width on admixtures of 
other gases, the optical path, and the 
distribution of mass along the optical 
path. Most of the atmospheric opacity 
is created by the numerous oscillatory- / 2 7 5  
rotational bands, for which the ab- 
sorption coefficient varies rapidly as 
the wave number v changes. It is 
necessary in this regard to bring a 
large number of points into our examin- 
ation, in order to calculate the total 
energy flux. Thus, at P 2 1 atm, the 
half-width of rotatio a1 lines is 
usually less than 10-'~m-~. 
that maintaining a constant absorption 
coefficient within the division interval 
would require an examina ion of inter- 
vals on the order of lO-'cm-l wide. In 
computing total fluxes for the spectral 
region corresponding to the equilibrium 
emission at the surface? temerature of Venus 

This means 

and to a Fange of wave nimbers from about 
103' o 10 em'', it would b e  necessary to 

make a summation over 10-5 - IO-' individual points [ 4 6 2 ] .  
theoretical examination of radiative heat transfer, therefore, there 
is some question about acceptable methods of averaging monochromatic 
opacities, methods which would allow a substantial reduction in the 
number of dividions in this or that wave interval without appreciably 
reducing the accuracy (especially near the maximum of the Planck 
curve, where the intensity of emission slowly varies with frequency). 

For the complex structure of oscillatory-rotational bands, it is 
custonary to assign models of spectral line distribution inside the 
band. A good approximation to experimental results is given by models 
of bands in which the intensity and positions of individuzl lines 
are statistically distributed. One may find a detailed discussion 
of this approach in the well-known monograph of Goody [50].  For 
optically thick gaseous layers, it is also necessary to know the 
functional dependence of effective band width on optical thickness 
(growth curve), wherein the fine rotational structure of the bands, 
which depend in turn on temperature and pressure, are included. A t  
high temperatures and pressures, there are many new features in the 
spectra of multiatomic molecules, features caused by pressure-induced 

In a 



transitions and by states of thermal excitation. One can maintain 
that in conditions corresponding to the measured parameters of gas 
in the Venusian atmosphere and with large dimensions of the ab- 
sorbicg layer,absorption even in the wings of the bands is important 
f o r  the transmission of the subcloud atmosphere. 

t Experiments with CO and H20 indicate that for a transmission /276 
function of these gases 6, = exp{-ri[< ( a ) ] }  in the spectral interval 
A v i  if constant pressure P is maintained along the optical path ; ( a ) ,  
the absoFptkon is well approximated by a power function of the form 
'c = c.u iP or by its slightly more general modification (including 
the dependence of opacity on changes in T and P ) :  T, ( ' I ' ( ( ; ( ( ~ ) '  L, ' 1 ' ' ' ' 2  - 1 '  
[204,462, 4823 .  The function G.(T), the coefficient ci and the ex- 
ponents ri and si are determine& from the results of integrating for 
various temperatures, pressures and optical masses of gas on the 
line of sight in direction R, 
and by comparison with experimental data 0 

i 1 

, / ; ( / I 1  \ 1 1 1 :  ( / I ! ! ( -  

Thus, variation in .ri as a function of the optical mass of the 
gas is, in contrast to monochromatic radiation, non-linear. F u r t h e r -  
more, in the general case of a model of mean band opacity in a 
gaseous mixture, 5 is not subject to the superposition rule for 
monochromatic opacities of an i-th gas 'I vi. 
in each band a specific source of opacity predominates (for example, 
that caused by water vapor), however, the value of 'I. can be seen 
as the sum of individual sources of opacity, provide& there is no 
correlation between the positions of individual rotational lines in 
the bands and that there is no large scale correlation either [50 ,  
4623. 

If it is assumed that 

Thanks to the works of Gal'tsev, Osipov, and Odishariya [38,  
39 ,  1251, there has r e c e n t l y  been  a g r e a t  deal of progress in the 
study of carbon dioxide gas opacity for heat radiation at high tem- 
peratures and pressures. For the most part, these are the results 
of theoretical calculation based on research of the fine structure 
of C 0 2  absorption bands in the infrared region of the sprectrum. 
They include work on the Fermi so ance of spectroscopic constants 
for 900 oscillatory states of C " O $ a ,  which are required in order 
to find line positions and intensi ies at high temperatures; they 
include calculations of line position and intensity of 400 oscil- /277 
latory transitions that lie in the region from 1 to 20 PIE and that 
form bands: 1.2, 1.4, 1.6, 2.0, 2.7, 4.3, 4.8-5.2, 9.4-10.4, and 
15 pm; and they include a choice of methodology and a calculation of 
the parameters needed to determine C 0 2  transmissioE functions at 
P 2 2 - 5 atrn and 295O 5 T 2 8 0 0 O K .  

It has been shown that in these conditions a computation of the 
transmission function in the weak line approximation yields sufficiently 
good agreement with experimental data: 

\ ( V .  43 1 
!! PSI' . - , , "  . 
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where S i s  t h e  mearr l i n e  i n t e n s i t y  i n  t h e  i n t e r v a l  Avi, d i s  t h e  
mean d i s t a n c e  between l i n e s ,  u i s  t h e  c o n t e n t  of t h e  a b s o r b i n g  sub- 
s t a n c e  under  normal  c o n d i t i o n s  (STP)'*, and u i s  273/T PR(atm.cm)Srp. 
I n  t h i s  a p p r o x i m a t i o n ,  t he  v a l u e s  S/d (atrn'l.crn'l) 
t h e  mean a b s o r p t i o n  c o e f f i c i e n t s  K I n  t h e  in te rva lSTPAv.  
p a r t  of t h e  a tmosphere  w i t h  pa rame te r s  TJ and P J ,  we have 

can be s e e n  as  
For  any 

(V.  4 4 )  

The s p e c t r a l  r e g i o n s  beyond t h e  edges o f  bands 2 . 7  and 4 . 3  u m  
p l a y  a n  i m p o r t a n t  r o l e  i n  t h e  t ransfer  of  i t s  own r a d i a t i o n  i n  t h e  
p h y s i c a l  c o n d i t i o n s  of t h e  Venusian subcloud a tmosphe re .  
a b s o r p t i o n  i s  de te rmined  by t h e  impact o f  t h e  wings of s t r o n g  lines 
i n  t h e  c e n t e r  of  t h e  band ( a b s o r p t i o n  c o e f f i c i e n t  ) and by t h e  
weak l i n e s  of  "ho t "  t r a n s i t i o n s .  The a b s o r p t i o n  c o e f f i c i e n t s  beyond 
t h e  edges  of  the  4 . 3  pm band were o b t a i n e d  by d i r e c t  c a l c u l a t i o n  
u s i n g  a Bened ic t  c o n t o u r .  For t h e  2 . 7  urn band,  t h e  data ob ta ined  
e x p e r i m e n t a l l y  by Berge e t  a l .  ( c f .  [39 ] )  on t r a n s m i s s i o n  beyond 
t h e  edge o f  t h e  band were used .  Beyond t h e  edges  of  t h e  bands ,  
t h e  t r a n s m i s s i o n  f u n c t i o n  i n  t h e  f o l l o w i n g  form g i v e s  a c c e p t a b l e  
r e s u l t s  

T h i s  

( V . 4 5 )  

where in  t h e  t e m p e r a t u r e  dependence of t h e  a b s o r p t i o n  c o e f f i c i e n t  2 
i s  e x p r e s s e d  b y  t h e  r e l a t i o n  

/278 

where t h e  s u b s c r i p t  "max" i n d i c a t e s  t h e  v a l u e  a t  t h e  edge .  

duced C O  a b s o r p t i o n  i n  bands 7 . 2  and 7 . 8  p m ,  which were j o i n e d  
i n  band 7 . 5  pm. 
may c a l c u l a t e  t h e  t r a n s m i s s i o n  f o r  i n d i v i d u a l  s p e c t r a l  intervals 
Avi from t h e  formula  

These c a l c u l a t i o n s  a l s o  i n c l u d e d  e x p e r i m e n t a l  data on i n -  

I n  t h u s  t a k i n g  account  of  induced  a b s o r p t i o n ,  one 

where K [ 2 9 5 ]  i s  t h e  induced-abso rp t ion  c o e f f i c i e n t  a t  
T = ~ 9 5 ~ 2 .  

l 2  Und r n 1 c o n d i t i o n s ,  (S tanda rd  Temperature  P r e s s u r e )  u s u a l l y  
means !? = 2y'SsK and P - 1 atm. 

207 



ORIGmAL PAOE] 18 
O F P O o ~  QUALITY 

F i g .  98 shows the distribution of the absor tion coefficient 
vs wave numbers at intervals of A V  = 10 cm-' for Venusian 

c02 
K 

atmospheric conditions at the surface (1) at an altitude of 20 km ( 2 ) ,  
at 40 km ( 3 ) ,  and at the cloud level (4), which is conditionally 
associated with an altitude of hi 

The most complete and accessible data on the coefficients of 
water vapor absorption in the infrared region for optically thick 
layers in a wide range of temperatures (300-3000°K) are found in 
the works of Ferriso, Ludwig et al. c302, 404, 4051. [3021 tabu- 
lates values of K , calculated by using laboratory emission and 
absorbtion sp ctra of H20 in the interval of wave numbers from 50 

rotational band for which absorption coefficients were determined 
was presented as a mean half-width of a spectral line and its 
broadening in such a way that the total value of the absorption 
coefficients was equal to the total absorption intensity of the 
individual band at a given, experimentally-determined temperature. 
It was assumed that f o r  an optically thick layer of gas, the growth / 2 7 9  
curve can be represented by a statistical model. Calculation of 
the fine structure of' the band was done using the assumption that 
the corresponding terms were independent of frequency. The various 
terms to describe fine structure (the terms were obtained from an . I .  

analysis of optically thick layers) allowed them to compute the 
broadening of the average (individual bands) lines as a function 
of temperature. Broadening due to admixtures of other gases was 
also taken into account, as was non-resonant absorption by H20 mole- 
cules. In the authors' estimates C3021, in slowly varying regions 
of the spectrum the error in computing the absorption coefficients 
is +20% and can be slightly larger in regions of more abrupt changes 
and in the sections between individual oscillatory-rotational bands. 
Fig. 99 g i v e s  an example of the agreement between the measured curves 
and the experimental results in a fundamental H20 band at A = 6.3 p 
at T = 6 0 0 O K .  

60 km. 

t o  il,OOO-cm- 5 , at every 25 ern-". The method was as follows: each oscillatory- 

By including data on monochromatic absorption coefficients, it 1280 
is possible to calcul te water vapor transmission functions in the- 
intervals Av = 25 cm- b y  using, as in the case of CO , the weak 
line approximation. 
cients and C 0 2  absorption coefficient averaged at intervals of 
25 cm-l (according to data for 10 cm'*) for conditions at the 
planetary surface and for three values of relative H2@ content: 

= 1 0 0 % ) .  

B 
Fig .  100 compares the H 2 0  absorpzion coeffi- 

1%, O.l%, and 0.001% (fco 
2 

Gaseous analysis yields (cf. Table 11) a threshold estimate 
of less than 2% nitrogen content by volume in the Venusian atmos- 
phere. If nitrogen is present, then with the large total mass of 
atmospheric gas, a content on the order of a percent will be sub- 
stantial in absolute units. It should therefore be estimated how 
essential its influence on the transfer of infrared radiation can 
then be .  Since N2 molecules are homonuclear, infrared transitions 
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F i g .  98.  D i s t r i b u t i o n  o f  K v s  
~ co2 

wave number for t h e  i n t e r v a l s  
Av = 1 0  cm'l up t o  v = 4200 cm'l 
and A v = 50 cn'l up t o  6000 cm-I 
i n  t h e  Venusian atmosphere a t  
t h e  s u r f a c e  (1) and a t  a l t i t u d e s  
of 20  km ( 2 ) ,  40 k m  ( 3 ) ,  and 
60  km ( 4 ) .  

x n 

i 
I i 

'i I 

'. 
I 

' I  

l U  

F i g .  99 .  An example of  
t h e  agreement  between t h e  
t h e o r e t i c a l  p r o f i l e  K 

i n  t h e  band A =  6 . 3  pm and 
e x p e r i m e n t a l  d a t a .  The c u r v e  
i s  t h e  c a l c u l a t i o n ,  and t h e  
c i r c l e s  a re  t h e  exper iment  

*2O 

c3023 

for them are f o r b i d d e n .  How- 
e v e r ,  a t  su f  f i c i e r t  ly h i g h  
p r e s s u r e s ,  a n  induced d i p o l e  
moment can a r i s e ,  and hence 
t h e  induced  t r a n s i t i o n s  w i l l  
have no f i n e  s t r u c t u r e .  Mono- 
chromat ic  o p a c i t y  of p r e s s u r e -  
induced t r a n s i t i o n s  v a r i e s  
smoothly w i t h  wavelength and i s  
p r o p o r t i o n a l  t o  t h e  s q u a r e  of 
p r e s s u r e  [463]. A t  p r e s s u r e s  
c o r r e s p o n d i n g  t o  v a l u e s  a t  t h e  
Venusian s u r f a c e ,  t h e  g r e a t e s t  
I\J2 o p a c i t y  w i l l  be  n e a r  t h e  CO;! 
band a t  A = 4.3 pm and w i t h i n  
t h e  r o t a t i o n a l  H20 band 
(17-100 pm). N e v e r t h e l e s s ,  
it w i l l  b e  much lower i n  corn- / 2 8 1  
p a r i s o n  t o  e x i s t i n g  CO2 and H20 
o p a c i t i e s ,  and it w i l l  t h e r e -  
f o r e  n o t  e x e r t  any a p p r e c i a b l e  
i n f l u e n c e  on t h e  r e s u l t s  of  
c a l c u l a t i o n s  i n  a carbon d i -  
o x i d e  and w a t e r  v a p o r  model. 

A v a i l a b l e  data on o p a c i t y  
c h a r a c t e r i s t i c s  a l l o w  c a l c u l a -  
t i o n s  of d i f f u s e d  r a d i a t i v e  
h e a t  f l u x e s  i n  t h e  subcloud 
atmosphere o f  Venus. Marov 
and S h a r i  El041 and,  more 

r e c e n t l y ,  S h a r i  [ 1 6 9 ,  566a] have made 
such c a l c u l a t i o n s  u s i n g  t h e  aforemen- 
t i o n e d  t r a n s m i s s i o n  f u n c t i o n  of a C 0 2  
and H 0 mixture. These c a l c u l a t i o n s  
have enabled  p r e v i o u s  r e s u l t s  t o  b e  
further refined [ 2 ,  5, 9 7 ,  1881 .  

2 

The t r a n s f e r  of r a d i a t i o n  i n  t h e  
s p e c t r a l  r e g i o n  from 1 . 2  t o  7 7  5 
(Av = 8310 - 1 3 0  crn-l) has been  ex- 
amined. There  are c a l c u l a t i o n s  of  
C02 t r a n s m i s s i o n  f u n c t i o n s  f o r  t h i s  
r e g i o n ,  and i t  i s  i n  t h i s  r e g i o n  t h a t  
p r a c t i c a l l y  a l l  the  i n t e n s i t y  o f  Venus' 
own s u r f a c e  and a t m o s p h e r i c  r a d i a t i o n  
i s  c o n c e n t r a t e d .  Here,  t o o ,  a re  t h e  
most i m p o r t a n t  o s c i l l a t o r y - r o t a t i o n a l  
bands of carbon d i o x i d e  and water 
vapor .  I n  o r d e r  t o  t a k e  b e t t e r  account  
of t h e  i n f l u e n c e  of t h e  l a t t e r ,  t h e  
s p e c t r  1 r e g i o n  was broadened t o  
50 cm . -B 
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It has been demons t r a t ed  / 2 8 2  
i n  S e c t i o n  V . 2  t h a t  by t a k i n g  
accoun t  o f  heat c o n t e n t  i n  t he  
Venusian atmosphere,  i t s  c h a r a c -  
t e r i s t i c  t i m e  c o n s t a n t  ( c f .  
Tab le  l7), and c i r c u l a t o r y  h e a t  
exchange,  i t  m a y  r i g h t l y  be 
assumed t h a t  t e m p e r a t u r e  d i s t r i -  
b u t i o n  does  n o t  depend on t i m e  
o f  day and tha t  i t  rema ins  p r a c t -  
i c a l l y  t h e  same a t  d i f f e r e n t  
l a t i t u d e s .  S i n c e  t h e  r a d i u s  of 
Venus i s  much l a r g e r  t h a n  t h e  
examined t h i c k n e s s  o f  l a y e r  Z, 
R >> Z ,  i n  which Z >>  E, = 

i t  i s  p o s s i b l e  t o  d i s -  
regard t h e  c u r v a t u r e  o f  t h e  

Q 
= 1 /Ky ,  

Fig. 100 .  D i s t r i b u t i o n  o f  K~~ a tGosphere  and t o  r e d u c e  t h e  pro-  
(Av = 1 0  ern-' and 50  crn-l) and i n  t he  p l a n e t a r y  a tmosphere  t o  
Kh20 ( ~ v  = 2 5  cm-l)  vs wave the  d e t e r m i n a t i o n  of t h e  t r a n s f e r  

of r a d i a n t  energy w i t h i n  a f l a t  
l a y e r  of g a s .  It i s  a l s o  p o s s i b l e  number f o r  c o n d i t i o n s  a t  t h e  

- = '% t o  d i s r e g a r d  t h e  bend ing  of  beams Venusian s u r f a c e  a t  f H  

2 blerr. o f  f i n d i n g  r a d i a t i v e  f l u x e s  

0.1% ( 2 ) ,  and 0.001% ( 9 .  

d i f f e r e n c e  between t h e  r e f r a c t i v e  index  m and u n i t y  i s  n o t  l a rge ,  
which Table  2 1  c l e a r l y  shows, 
r e f r a c t i o n  a n g l e s  a r e  w i t h i n  w = A m  t g 0  5 3 0 ' .  C l e a r l y ,  r e f r a c t i o n  
g r e a t l y  i n f l u e n c e s  o n l y  beams a t  small a n g l e s  t o  t h e  s u r f a c e ,  beams 
t h a t  make no a p p r e c i a b l e  c o n t r i b u t i o n  t o  t h e  heat f l u x .  

due t o  r e f r a c t i o n ,  s i n c e  even  
w i t h  t h e  gaseous  p a r a m e t e r s  
a t  t h e  Venusian s u r f a c e ,  t h e  

For z e n i t h  a n g l e s  8 5 n / 6 ,  t h e  

TABLE 21. REFRACTIVE INDEX IN THE VENSSIAN ATMOSPHERE 
(m = 1 t B ( P / T ) ;  f3 = 0 . 1 3  deg/atm [160]) 

h ,  km ' m h ,  km 1 m 
- . -_I_- 

i 

Thus i n  t h i s  formulation of  t h e  problem, t h e  lower a tmosphere  
of  Venus i s  viewed as a f l a t  layer  h > 0 ,  which i s  f i l l e d  w i t h  a 
s u b s t a n c e  whose r e f r a c t i v e  index  i s  m 1 and whose t e m p e r a t u r e  
T(h) v a r i e s  t h roughou t  t h e  t h i c k n e s s  o f  t h e  layer .  T h i s  l a y e r  

2 1 0  



i s  bounded by t h e  s u r f a c e  h = h i ,  from which a f l u x  i s  emi t ted ;  
t h i s  f l u x  i s  d e f i n e d  by t h e  i n t e g r a l  w i t h  r e s p e c t  t o  t h e  s o u r c e s  
(V.7) as t h e  emission of an  a b s o l u t e  blackbody a t  e f f e c t i v e  tempera- 
t u r e  Te . 

t h e  r a d i a t i o n  I i n t o  t he  upper  hemisphere ( z e n i t h  a n g l e s  
0 5 0<5 ~ / 2 )  an8  f o r  t h e  i n t e n s i t y  I- 
( ~ / 2  - 0 5 TT) may be p r e s e n t e d  i n  a ?orm s imi la r  i n  terms of 
a s s i g n i n g  boundary c o n d i t i o n s  [ 5 7 ,  1 6 7 1 .  

1 3  

Under thes? c o n d i t i o n s ,  t h e  e q u a t i o n s  f o r  s p e c t r a l  i n t e n s i t y  of /283 

i n t o  t h e  lower  hemisphere 

( V . 4 8 )  
< where 5 = cos0(0 - 8 / 2 ) ,  and I i s  t h e  s p e c t r a l  i n t e n s i t y  o f  

PV e q u i l i b r i u m  r a d i a t i o n .  

A s u f f i c i e n t l y  g e n e r a l  ( f o r  these e q u a t i o n s )  form of t h e  boundary 
c o n d i t i o n s ,  which model r e a l  c o n d i t i o n s  on t h e  p l a n e t a r y  s u r f a c e  h; 
and a t  the lower l e v e l  of t he  c louds  h- w i l l  b e  t h e  p r e s e n c e + o f  a 
s i n g l e  d i f f u s e d - r e f l e c t i n g  s u r f a c e  a t  R'= h; w i t h  b l a c k n e s s  E - ,  which 
w i l l  h e r e i n a f t e r  b e  assumed t o  b e  independent  of f r e q u e n c y 1 4 :  

(v.49) 
_- 

If t h e  v a l u e  E = 1 i s  a s s i g n e d  t o  one s u r f a c e  of  t h e  f l a t  l a y e r  and 
t h e  a r b i t a r y  v a l u e  E < 1 i s  a s s i g n e d  t o  the  other, t h e  sys tem of  
equations ( V . 4 8 )  with t h e  boundary c o n d i t i o n s  ( V . 4 9 )  becomes c l o s e d .  

/ 2 8 4  The solution o f  this system i s  ,expressed  i n  q u a d r a t u r e s  as  -- 
follows : I d  I \ I +  2- 1 1 ,  I )  I l l '  

, +  ( ' J . 5 0 )  
+ + - . .  I (//,.-) /-Ih,,.:! ' '  " , 

I 3 I n  g e n e r a l  c a s e ,  t h e  l e v e l  h i  u h, 
of  t h e  c l o u d s  h , and t h e  t e m p e r a t u r e  of r a d i a t i o n  a t  t h i s  l e v e l  i s  
Te - Th 
p h e r e  o!? Venus. 
l 4  The s u r f a c e  t e m p e r a t u r e  may c l e a r l y  be t a k e n  t o  be e q u a l  t o  t h e  
t e m p e r a t u r e  of  t h e  gas a t  t h e  s u r f a c e ,  s i n c e  a t  t h e  s u r f a c e  t h e r e  
shou ld  be a c o n v e c t i v e  h e a t  t r a n s m i s s i o n  t h a t  e q u a l i z e s  t h e  tempera-  
t u r e s .  

l i e s  below t h e  v i s i b l e  boundary 

even f g r  a n  o p t i c a l l y  t h i c k  medium such  as t h e  lower atmos- 

2 1 1  



O R ' G m ~ ~  PACE Is 
A f t e r  t r a n s f o r m a t i o n ,  we w i l l  have ** QUA LIT^ 

By i n t e g r a t i n g  e x p r e s s i o n s  f o r  s p e c t r a l  i n t e n s i t i e s  w i th  r e s p e c t  t o  
f requency  i n t e r v a l s  6yi s u f f i c i e n t l y  small so  as t o  be a b l e  t o  d i s -  
regard v a r i a t i o n  i n  I; and I 

P V  w i t h i n  t h e i r  l i m i t s , w e  o b t a i n :  

T ransmiss ion  f u n c t i o n s  ave raged  o v e r  t h e  f requency  i n t e r v a l s  m i  
e n t e r  i n t o  t h e  l a t t e r  e x p r e s s i o n :  

+ There a r e  s e r i o u s  d i f f i c u l t i e s  i n v o l v e d  is o b t a i n i n g  I;(h, 5 )  
f rom a fo rma l  s o l u t i o n  of the  e q u a t i o n  of t r a n s f e r  ( V . 5 1 ) .  I n  t h e  
g e n e r a l  case Kv v a r i e s  complexly as h v a r i e s  a s  a f u n c t i o n  of  t e m -  
p e r a t u r e ,  p r e s s u r e ,  mass d i s t r i b u t i o n  of gas  a l o n g  t h e  beam ( c f . ,  
for example,  [ 5 7 ] ) .  Numerical  methods  p r o v i d e  much g r e a t e r  oppor- 
t u n i t i e s  to s t u d y  t h e  t r a n s f e r  o f  s e l e c t i v e  r a d i a t i o n  i n  a medium 
wi th  v a r i a b l e  p r o p e r t i e s .  These methods e n a b l e  a more e f f i c i e n t  c 
c u l a t i o n  of  t h e  a n g u l a r  d i s t r i b u t i o n  o f  t h e  f i e l d  o f  r a d i a t i o n  t h a  
i s  t r u e  f o r  c a s e s  of d i f f u s e d  or two-f lux  approximations used  i n  
mode l l ing  t h e  l i g h t  regime ( V . 3 ) .  

a3 
n 

The p r o j e c t i o n  of  the v e c t o r  o f  monochromatic f l u x  o f  d i f f u s e d  
r a d i a n t  energy  on an  a l t i t u d i n a l  d i r e c t i o n  h for a f l a t l y - s t r a t i f i e d  
atmosphere i s  g i v e n  b y  t he  e x p r e s s i o n  

I 

8 ,  

(V. 5 4 )  
? - \ I 1  (/I ~ t \ ~ ~ , > - i l . i l ~ i l  , , . -  I,,/z, 

- 
For  numer i ca l  i n t e g r a t i o n  (V.541, a bauss  ro rmula  i s  u s e d .  
e x p r e s s e s  t h e  v a l u e  of  t h e  i n t e g r a l  approx ima te ly  i n  t h e  form 

T h i s  

\ I : , - , '  - - Yt9-1 
I 1 

i 
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where the angles z 
do not depend on tKe choice of an integrand. 
are determined by the formula 

and the corresponding weight coefficients wr 
Here the weights W y  

! I I  ^ I  

' I  !TIm 1 1  

If the roots of the equation Pn(z> = 0 (where Pn(z) are Le- / 2 8 6  
gendre's polynomials) are taken as zr, then the corresponding Gauss 
quadrature.formula, which uses n p o i n t s ,  will be accurate for all 
polynomials whose order of magnitude is less'than 2n. 

Table 22 gives the values of the angles z and the corresponding 
weights 6.1 f o r  the Gauss formula. The table SKOWS that for even 
values, nr= 2k there are k pairs of roots zr equal in magnitude and 
opposite in sign; while, for every pair, there are corresponding 
weights wr that are equal among themselves. 

In this case, for a monochromatic diffused flux S and for 
Vh 

an even n = 2 k ,  we will have the following instead of ( V . 5 4 )  

Here, 5 are understood to be positive roots. Since negative values 
of cos$= 5 correspond to a distribution of radiant energy i n t o  the 
lower hemisphere (I = I-), whereas positive values correspond tq a 
distribution of radiant energy into the upper hemisphere (I = I ) ,  
it is possible to rewrite (V.55) as 

The full f l u x  of radiation in the infrared region of the spectrum 
is obtained by summation of ( V . 5 6 )  over a l l  frequency intervals A v i :  

4 



The mean ( i n  t h e  i - t h  f requency  interval) i n t e n s i t i e s  of 
e m i s s i o n  t h a t  e n t e r  i n t o  t h i s  e x p r e s s i o n  I i ( h ,  E, 
f rom t h e  s y s t e m  of  e q u a t i o n s  ( V . 5 2 )  and the  bounsary c o n d i t i o n s  (V.49) 
f o r  1.: v a l u e s  from T a b l e  2 2 .  

) a r e  de te rmined  

TABLE 2 2 .  VALUES OF ANGLES zr AND WEIGHTS wr FOR THE 
GAUSS QUADRATURE FORMULA 

Using t h e  v a l u e  k = 3 - 4 i s  f u l l y  s a t i s f a c t o r y  from the p o i n t  /288  
An i n c r e a s e  i n  k from 3 t o  4 changes  t h e  total- o f  view of  a c c u r a c y .  

f l u x e s  a t  all l e v e l s  and f o r  a l l  a tmospher ic  c o m p o s i t i o n s  b y  less t h a n  
0 . 5 % .  Let u s  i n t r o d u c e  t h e  f o l l o w i n g  d e s i g n a t i o n s :  

~ 

a 

1 



Bi i s  t h e  one-way e q u i l i b r i u m  r a d i a t i v e  f l u x  i n  t he  i n t e r v a l A V i .  
Using t h e s e  d e s i g n a t i o n s ,  ( V . 5 7 )  i s  w r i t t e n  as  f o l l o w s :  

( v . 6 0 )  

A s  t h e  c a l c u l a t i o n s  show ( F i g .  lOl>, t h e  i n t e g r a l  ( w i t h  r e s p e c t  
t o  rthe i n f r a r e d  spec t rum)  one-way f l u x e s  f o r  t h e  o p t i c a l l y  d e n s e  
Venusian a tmosphere  do n o t  depend s u b s t a n t i a l l y  on a tmosphe r i c  
compos i t ion ,  e s p e c i a l l y  i n  models w i t h  water vapor  i n c l u d e d ,  and 
t h e y  a re  c l o s e  t o  t h e  one-way f l u x  of e q u i l i b r i u m  r a d i a t i o n ,  re-  
f l e c t i n g  t h e  t e m p e r a t u r e  p r o f i l e  i n  t h e  a tmosphere .  I n  o r d e r  t o  
a v o i d  computing t h e  ou tgo ing  f l u x  a s  t h e  d i f f e r e n c e  between two 
n e a r l y - e q u a l  and l a r g e  one-way f l u x e s ,  l e t  u s  i n t r o d u c e  t h e  v a l u e s  / 2 8 9  

( V . 6 1 )  

, 



t 
, .  The d i f f e r e n c e s  AFi and AF: are  de termined  

b y  s y s t e m  

(V.62) ... 
\I , ’ ’ -  ii!, :,) \ / . -  (1:;. : 5 i i  1 i. ,.. ’ , _ ,  

\ , . _ I , , :  I ’ / ;  . , ‘ ,  

wi th  t h e  boundary c o n d i t i o n s :  
. _  .- - 

(V.63) 3 \’ \ . I  5 ,), 1 - 7  , ,;.. 
.L I , I  . ;,-., ~ ____-- I I ’ +  (i, I .  : T i  - F i g .  1 0 1 .  I n t e n s i t y  v a r i a -  - h’ , . # r : , ”  

t i o n  i n  t h e  i n t e g r a l  ( w i t h  
r e s p e c t  t o  t h e  s p e c t r u m )  
one-way f l u x e s  q 5 S v s  I f  t h e  b l a c k n e s s  o f  t h e  lower  boundary of 
a l t i t u d e  f o r  v a r i o u s  H20 t h e  c loud  layer  i s  E~ = 
c o n t e n t s  ( f C o  = 1 0 0 % :  ( a t  h- = Z )  or i f  the b l a c k n e s s  o f  t h e  

p l a n e g a r y  s u r f a c e  i s  E S  = E+= 1 /290 
= (1);20’oo1’ (2 ’ ;  ( a t  h = 0 ) ,  t h e  s y s t p  (V.62)-(V.63) 

‘H 0 
O . ? %  ( 3 ) .  The d o t s  a re  i s  soyvable. I f  E- = E = 1, t h e n  (V.63) 
S ( h )  = a T 4 ( h ) .  r e d u c e s  t o  z e r o ,  and ( V . 6 2 )  i s  reduced  t o  

t h e  e x p r e s s i o n :  

E- = 1 

Key:  a .  km. 
b .  w/cm 

I n  t h i s  c a s e ,  
(v.61) i n  t he  

I1 

(v .  64) 

t h e  t o t a l  f l u x  of  heat r a d i a t i o n  i s  d e t e r m i n e d  from 
form : 

I n  o r d e r  t o  c a l c u l a t e  t h e  a l t i t u d e  d i s t r i b u t i o n  of t h e  r a d i a t i v e  
h e a t  f l u x e s ,  l e t  u s  d i v i d e  t h e  s t u d y  area of t h e  a tmosphere  Z i n t o  
l a y e r s  AH t h i c k  w i t h  t h e  a l t i t u d i n a l  c o o r d i n a t e s  h 5 ( j  = 0 ,  1, 2, ... N). 

L e t  u s  a l s o  keep i n  mind t h a t  s i n c e  t h e  t r a n s m i s s i o n  f u n c t i o n s  
i n  t h e  i - t h  f requency  i n t e r v a l  are  computed i n  t h e  weak l i n e  a p p r o x i -  
mat ion ,  which g i v e s  t h e  e x p o n e n t i a l  f u n c t i o n  
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< h j  < h j + l ,  t h e  f o l l o w i n g  r e l a t i o n  i s  m e t :  j -1 t h e n  f o r  any h 

Then, f o r  e v e r y  j - t h  l e v e l ,  i t  i s  p o s s i b l e  t o  omit e q u a t i o n s  o f  
t h e  ( V . 6 2 )  t y p e  and perform t h e  i n t e g r a t i o n  w i t h  t h e  boundary con- 
d i $ i o n s  (V. '63)  s u c c e s s i v e l y  from l e v e l  t o  l e v e l ,  u s i n g  the v a l u e  
AF- found a t  t h e  p r e v i o u s  l e v e l .  

/ 2 9 1  F o r  example,  l e t  u s  d e m o n s t r a t e  t h i s  for AF': -- 
: I  , 

', 
IF (Ft,)  = IF* ( l! , , )!$( l! , , .  I ,  ) 

- \ L!,[h'. It , ) ! ! , ( h  \ d / ; ( h ' )  i i ! . ! l I ' . h \ d / ; ( h ' \  - 

!! ( I / * ,  h , ~ J l ; u ~ ' )  

- I F +  ( h 0 ) ! ! ,  Ir  ( h ,  1. /! I 
I 

' I  

1 1  

1 \F ( A 4 , )  !'. (k , .  .L \ . 

I 

\ !!.,':'.// , ) d / ; ; l I ' ) ' ! !  111 , 1 \ !! ( { J  h ) d R l " ) .  I 

t But t h e  e x p r e s s i o n  i n  t h e  b r a c k e t s  i s  AF ( h j  - l ) .  
f i n a l l y  have t h e  following system: 

T h e r e f o r e ,  we 

- -  1 

(v.68) 
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of 

deF 
h;; 

In computing transmission functions for every j-th level h / 2 9 2  
the+atmosphere within the altitude region being studied j -  
- ho = Z, it is necessary to calculate the temperature-pressure 
sendence of the absorption coefficients: 

Here expression (V.44) determines the coefficient K~ o; while for 
the coefficient K , relations (V.45)-(V.47), which calculate in- 
uced absorption at X = 7.5 pm and the absorption beyond the edges 
of bands 4.3 and 2.7 urn should also be taken into consideration, so 
that . 

2 

c02 

If it is assumed that inside each cloud layer the temperature and the 
natural logarithm of the absorption coefficient of the atmospheric 
gas vary linearly with altitude, then the transmission functions that 
enter into ( V . 6 7 )  and ( V . 6 8 )  will be expressed in the final form: 

where T is the optical thickness of layer < ( a )  between levels h. 
and h in direction R, 

we wril have 

the cosine of whose zenith angle is equdi' 
I .  to 5 j Then, f o r  h1 that vary within __ .. 
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where 
1 *' 

/ 2 9 3  

8 

I f  c o n d i t i o n s  w i t h i n  t h e  l a y e r  are  homogeneous and t h u s  
= K = IC, t h e  e x p r e s s i o n s  f o r  T and CY, w i l l  pass t o  t h e  l i m i t :  

j-1 j 
K 

7 ,  

The i n t e g r a l s  t h a t  e n t e r  i n t o  (V.67) and (V.68) w i l l  t h e n  assume t h e  
fo rm : 

C a l c u l a t e d  p r o f i l e s  o f  h e a t  f l u x e s .  I n  o r d e r  t o  o b t a i n  r a d i a t i v e  
f l u x  p r o f i l e s  as a f u n c t i o n  of a l t i t u d e  as a c c o r d i n g  t o  (V.611, i t  
i s  n e c e s s a r y  t o  i n t e g r a t e  t he  sys tems of  e q u a t i o n s  (V.67)-(V.68) w i t h  
(V.69)-(V.72) t a k e n  i n t o  a c c o u n t .  The r e s u l t s  g i v e n  i n  Cl04, 169, 
566a1 were o b t a i n e d  by i n t e g r a t i n g  w i t h  t h e  Simpson method w i t h  an 
a u t o m a t i c  c h o i c e  o f  s tep  accord ing  t o  a s p e c i f i e d  r e l a t i v e  accuracy 
(1%) on a S e r i e s - 6  computer.  
does  n o t  make t h e  d i s t r i b u t i o n  of t o t a l  f l u x e s  s u b s t a n t i a l l y  more 
p r e c i s e .  

It was shown that g r e a t e r  a c c u r a c y  

A s  was e x p e c t e d ,  t h e  bas i c  par t  of  r a d i a t i v e  heat t r a n s f  r i s  

one-way energy  f l u x  o f  t h e  e m i s s i o n  o f  a n  a b s o l u t e l y  l a c k  s u r f a c e  

t h e  same as  t h e  energy f l u x  of t h e  s u b s t a n c e  U = 5/2(nkT 'v)  a t  
v = 1 0  cm/sec);  more t h a n  99 .9% of  t h e  t o t a l l f l u x  b e l o n g s  t o  t h i s  
s p e c t r a l  r e g i o n .  I n  the r e g i o n  100-6000 cm- , 99.6% of t h e  energy  
i s  emitted by t h e  s u r f a c e .  T h e r e f o r e ,  the  c a l c u l a t i o n s  o f  t h e  f l u x e s  
of  h e a t  r a d i a t i o n  are c a r r i e d  p u t  w i t h  a s t e p  o f  25 cm-l f o r  t h e  
s p e c t r a l  r e g i o n  up t o  6000 cm- ( t h e  o r i g i n a l  O2 a b s o r p t i o n  co- 
e f f i c i e n t s  c a l c u l a t e d  f r i n t e r v a l s  of 1 0  cm-y were a v e r a g e d ) .  I n  
t h e  r e g i o n  6000-8300 cm-* t h e  r a d i a t i v e  f l u x e s  
com o s i t i o n s  were no more t h a n  2% o f  t ha t  i n  t h e  r e g i o n  up t o  6000 ern-'. Because there  were no data on a b s o r p t i o n  c o e f f i c i e n t s  beyond 

c o n c e n t r a t e d  i n  t he  wave number i n t e r v a l  from 1 0 0  t o  8300 cm -7 . The 

a t  t e m p e r a t u r e  Ts = 7 5 0 O K  has a v a l u e  o f  about  1.8.10 h w/m2 ( a b o u t  
- 

/294 

f o r  v a r i o u s  a t m o s p h e r i c  
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ORIGINAL PAGE IS 
OF POOR QUALITY 

, t h e  edges  o f  t h e  1 . 4  v m  and 1 . 2  ym bands,  it may be  assumed t h a t  t h e  
f r a c t i o n  of hFat  r a d i a t i o n  c a r r i e d  o v e r  
6000-8300 cm- w i l l  s t i l l  be smaller .  

i n t o  t h e  shortwave r e g i o n  

The a l t i t u d e  d i s t r i b u t i o n  o f  t h e  i n t e g r a l  ( w i t h  r e s p e c t  t o  t h e  
spec t rum)  one-way f l u x e s  f o r  v a r i o u s  a tmospher ic  c o m p o s i t i o n s  i s  
shown i n  F i g .  1 0 1 .  A s  we see, t h e s e  f u n c t i o n s  a re  c l o s e  t o  t h e  
d i s t r i b u t i o n  of a one-way f l u x  o f  e q u i l i b r i u m  r a d i a t i o n  r e f l e c t i n g  
t h e  t e m p e r a t u r e  p r o f i l e  i n  t h e  atmosphere,  and t h e y  d i f f e r  l i t t l e  
f o r  v a r i o u s  v a l u e s  o f  humidi ty .  T h i s  p o i n t s  t o  a h i g h  o p t i c a l  
d e n s i t y  o f  t h e  a tmosphere .  The t o t a l  f l u x  of r a d i a t i o n , w h i c h  i s  
t h e  d i f f e r e n c e  between l a r g e - s i z e  one-way f l u x e s ,  i s  r e l a t i v e l y  
i s o t r o p i c  and i s  made up o f  t h e  f l u x e s  c a r r i e d  o v e r  i n  i n d i v i d u a l  
"windows" of  t r a n s p a r e n c y .  The a b s o r p t i o n  i n  t h e s e  windows i s  
de termined  by t h e  f u n c t i o n  K~~ ( v )  shown i n  F i g .  98, and it depends 
as w e l l  on H20 vapor  c o n t e n t .  2 

For  a p u r e  c a r b o n  d i o x i d e  a tmosphere ,  t h e  t r a n s f e r  of  r a d i a t i o n  
i n  t h e  wave number r a n g e s  550-800 cm'l, 1900-2400  cm-l, 3500-4000 cm-I 
and 4700-5500 cm-1 t h r o u g h o u t  t h e  a l t i t u d e  r e g i o n  under  s t u d y  i s  
n e g l i g i b l e .  F i g .  102 shows c a l c u l a t i o n s  of t h e  a l t i t u d e  d i s t r i -  
b u t i o n  of r a d i a t i v e  h e a t  f l u x e s  i n  t he  remain ing  i n t e r v a l s  o f  Av, 
where t h e  a tmosphere  i s  q u i t e  t r a n s p a r e n t .  A s  we see, t h e  c o n t r i b u -  
t i o n  of t h e s e  "windows" i s  q u i t e  v a r i a b l e  and depends on a l t i t u d e .  
Because of t h e  v e r y  l a r g e  o p t i c a l  d e n s i t y  of t h e  a tmosphere ,  r a d i a n t  
energy  from t h e  s u r f a c e  and t h e  lower- ly ing  l a y e r s  c o n t r i b u t e s  
l i t t l e  t o  t h e  f l u x  of  h e a t  r a d i a t i o n .  The r e d u c t i o n  i n  t h e  s c r e e n -  
i n g  c a p a c i t y  of t h e  a tmosphere ,  which r e s u l t s  i n  a n  i n c r e a s e  i n  
h e a t  f l u x e s  w i t h  a l t i t u d e  and a l a r g e  a n i s o t r o p y  of t h e  f i e l d  o f  
r a d i a t i o n , i s  e x p l a i n e d  b y  a r e d u c t i o n  i n  t h e  mass of  t h e  a b s o r b i n g  
gas and by t h e  dependence of  K 

and t h e  i n t e r v a l s  100-550 and 800-1400 cm- maze p r a c t i c a l l y  no con- 
t r i b u t i o n  t o  t i s  v a l u e .  The r e m a i n i n g  i n t e r v a l s  c o n t r i b u t e  no more 
t h a n  10-15 w/m each .  Above 30-40 krn t h e  t o t a l  f l u x  r e a c  e s  a b o u t  
7 0 0  w/m2. 
100-550 cm- and 1 1 0 0 - 1 4 0 0  cm- ( l i s t e d  by t h e  s i z e  of  c o n t r i b u t i o n )  
p l a y  a d e f i n i t e  r o l e  h e r e .  The f i  s t  "window" where t h e  maximum - / 2 9 6  
of t h e  P lanck  c u r v e  f a l l s  (1470 cm-li a t  T = 750'K), c o y t r i b u t e s  more 
t h a n  300 w/m2 and t h e  res t  about  2 0 0 ,  1 2 0 ,  and 75 w/m . 

The presence  o f  even a r e l a t i v e l y  small q u a n t i t y  o f  water v a p c r  
i n  t h e  atmosphere s u b s t a n t i a l l y  changes t h e  C O  a b s o r p t i o n  spec t rum,  
p r i m a r i l y  i n  t h y  most i m p o r t a n t  "windows" a t  lSO0-1900, 2400-3500 , 
and 100-550 cm- . F i g .  lo3 g i v e s  an  a l t i t u d e  d i s t r i b u t i o n  of  f l u x e s  
of heat r a d i a t i o n  i n  the same s p e c t r a l  i n t e r v a l s  as i n  F i g .  1 0 2 ;  
t h i s  i s  f o r  a C 0 2  atmosphere a t  a c o n t e n t  o f  fH 
shows t h e  r e s u l t s  o f  s imi la r  c a l c u l a t i o n s  a t  f H  

=O.lX ( b ) .  A s  we s e e ,  even a t  a water vapor  c o n t e n t  of 0 . 0 0 0 1 %  

by  volume, t h e  maximum r a d i a t i v e  f l u x  i n  t h e  i n t e r v a l  1400-1900 0'' 

l 

~ 

/295 
on t e m p e r a t u r e  and p r e s s u r e .  

I 

I 2 
c02 

The t o t a l  f l u x  a t  t h e  p l a n e t a r y  s u r f a T e  S i s  less  t h a n  4 0  w/m , 

!? 9 
'$'he "windows" a t  1490-1900 cm'l, 2400-3500 cm- , 

= 0 . 0 0 1 % .  F i g .  1 0 4  

= 0 . 0 1 %  ( a )  and 
2 

H20 

P 

I 220 
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Fig .  1 0 2 .  The s u c c e s s i v e  c o n t r i b u t i o n  of  i n d i v i d u a l  p a r t s  
of t h e  spec t rum (Au)  t o  t he  t o t a l  f l u x  of heat r a d i a t i o n  v s  

Curves 1-7 correspond t o  t h e  a l t i t u d e  a t  1 0 0 %  C 0 2 ,  & s  - 
f o l l o w i n g  i n t e r v a l s  ( i n  cm”) : 1-100-550; 2-800-1100; 

7-5500-6000. 
c u r v e s  a r e  a t  = 0 . 3 ,  and t h e  d o t t e d  c u r v e  i s  a t  
cC = 0 . 5  C566al. 

- 

3-110-1400; 4-1400-1900; 5-2400-3500; 6-4000-4700; 
The s o l i d  c u r v e s  a r e , a t  cC = 1; t h e  broken 

d e c r e a s e s  t o  about  50 w/m 2 , 
w h i l e  a t  fH 
l ess  t h a n  5 2 w/m2.  I t h e  i n -  

= 0 . 0 1 %  it i s  

t e r v a l  2 4 0 0 - 35 0 0 em-’, t h i  s 
d e c r e a s e  i s  t o  175  w/m 

F i g .  103.  The s u c c e s s i v e  c o n t r i b u -  
t i o n  of  i n d i v i d u a l  p a r t s  of  t h e  
spec t rum t o  t o t a l  f l u x  of  heat 
r a d i a t i o n  v s  a l t i t u d e  a t  9 7 %  C 0 2  + 
+ 0 .001% H20. The i n t e r v a l s  Av 1-6 
a re  d e s i g n a t e d  as i n  F i g .  1 0 2 ;  C i s  
the total f l u x ;  and t h e  broken c u r v e  
i s  t o t a l  f l u x  a t  = 0 . 5  [ 5 5 6 a ] .  

(fH20 = 0.001% -and t o  70. w/m2 
(fH 0 
I n  $he longwave p o r t i o n  of  
t h e  i n f r a r e d  r e g i o n  t h e  H 0 
a b s o r p t i o n  spec t rum e s s e n E i a l l y  
complements t h e  C 0 2  a b s o r p t i o n  

t h e  maximum f l u x  i n  t h e  i n t e r v a l  
100-550 w/m decreases by  abou t - l  
f o u r  times. I n  t h e  800-1100 cm 
i n t e r v a l ,  water vapor  c o n t e n t  
i n  t h e  atmosphere up to 
‘H-0 

= 0 . 0 1 % )  r e s p e c t i v e l y ,  

spec t rum,  and  a t  f H  = 0 .001% 
2 

2 

= 0 . 1 %  has no a p p r e c i a b l e  
e f f e c t  on a l t i t u d e  d i s t r i b u t i o n l  

( a t  f ~ ~ 0  = 0 . 1 % )  and i s  

and t h e  s i z e  of t h e  heat f l u x .  T r a n s f e r  i n  t h e  i n t e r v a l  550-6000 cm- 
also change9 v e r y  l i t t l e .  
from 20 w/m 
made up of t h e  energy  f l u x e s  ( i n  o d e r  o f  s i z e  of i o n t r i b u t i o n )  
w i t h i n  t h e  i n i e r v a l s  2400-3500 cm-T, 4000-4700 cm- , 5500-6000 cm-’, 
1400-1900 cm- . 

The t o t a l  h e a t 2 f l u x  a t  t h e  s u r f a c e  i s  
(a t  fp$ = 0 . 0 0 0 1 % )  t o  5 w/m 

It i s  i n t e r e s t i n g  tha t  i n  the h o t ,  d e n s e  Venusian atmosphere 
a change o f  15-20% i n  the  g a s  t e m p e r a t u r e  a t  t h e  s u r f a c e  has com- 
p a r a t i v e l y  l i t t l e  impact  on the v a l u e  of t h e  r a d i a t i v e  h e a t  f l u x 1 5 .  

l 5  F. S.  Z a v e l e v i c h  has c a l l e d  a t t e h t i o n  t o  t h i s  phenomenon. 

2 2 1  
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A t  f i r s t  g l a n c e ,  t h i s  seems s t r a n g e ,  
s i n c e  t h e  r a d i a t i v e  heat  c o n d u c t i v i t y  
t h a t  d e t e r m i n e s  t h e  c o n d i t i o n s  of t r a n s -  
f e r  i s  p r o p o r t i o n a l  t o  t h e  cube of t h e  w 
t e m p e r a t u r e .  But i n  f a c t ,  t h e  c o e f f i -  / 2 9 8  
c i e n t  of r a d i a t i v e  h e a t  c o n d u c t i v i t y  
i n  t h e  lower atmosphere of  Venus 
r e a c h e s  very  h i g h  v a l u e s .  With ra-  
d i a t i v e  f l u x e s  c o r r e s p o n d i  g t o  c a l c u l a -  
t i o n s  S = h a T / a h  = 200 w/m and w i t h  a 

b c h a r a c t e r i s t i c  t e m p e r a t u r e  d r o p  from 
t h e  s u r f a c e  t o  t h e  boundary of  t h e  e m i t -  
t i n g  r e g i o n  AT = 500°K, t h e  v a l u e  of 

9 

i s  t h e  Rosseland weight  f a c t o r  and 
u =-pv/kTj i s  A' 5 . 1 0 3 ~ a l ~ c m - ~  
s e c  deg- , whi:Rdis about  1 0  t i m e s  
l a r g e r  t h a n  t h e  c o e f f i c i e n t  o f  m o l e c u l a r  
h e a t  c o n d u c t i v i t y  i n  g a s  under  t h e  same 
c o n d i t i o n s .  A s  c a l c u l a t i o n s  show 
( g i v e n  i n  F i g .  105), however, i t  i s  t h e  
t e m p e r a t u r e  g r a d i e n t ,  and n o t  t h e  t e m -  
p e r a t u r e ,  t h a t  b a s i c a l l y  i n f l u e n c e s  
h e a t  flux i n  t h e  deep Venusian atmos- /299 
p h e r e .  C l e a r l y ,  t h e  f a c t o r  G ' ( u )  h a s  
t h e  o p p o s i t e  i n f l u e n c e  on t e m p e r a t u r e ,  
and ,  as a r e s u l t , X r a d  d o e s  n o t  v a r y  
g r e a t l y  i n  t h e  s p e c i f i e d  t e m p e r a t u r e  
i n t e r v a l  . Pig. 1 0 4 .  The s u c c e s s i v e  

c o n t r i b u t i o n  o f  i n d i v i d u a l  
p a r t s  o f  t h e  spec t rum t o  
t h e  t o t a l  f l u x  of heat ra- 
d i a t i o n  v s  h a t  97% C 0 2  t 
t 0 . 0 1 %  H20 ( a )  and a t  
9 7 %  C 0 2  + 0.1% H 0 ( b )  
C556aI. D e s i g n a z i o n s  t h e  
same as  i n  F i g .  103.  

2 Key: a.km 
b .w/m 

2 
is q: = 154 t 46  w/m , a V 

Let  u s  now compare c a l c u l a t i o n s  
of t o t a l  heat f l u x e s  f o r  v a r i o u s  models 
of a tmospher ic  c o m p o s i t i o n  w i t h  estimates 
o f  t h e  e f f e c t i v e  heat f l u x  r e a c h i n g ' t h e  
p l a n e t  from t h e  Sun. F i g .  1 0 6  p r e s e n t s  
c o r r e s p o n d i n g  p r o f i l e s  S ( h )  f o r  a p u r e  
carbon d i o x i d e  atmosphere and a t  water 
vapor  c o n t e n t s  of  0.001%, 0.005%, O . O l X ,  
and 0 . 1 % .  Values  o f  e f f e c t i v e  tempera- 
t u r e  c a l c u l a t e d  from S e c t i o n s  (V.7) o r  
( I V . l )  a r e  p l o t t e d  on t h e  upper  h o r i -  
z o n t a l  a x i s .  A t  A = 0.77  f 0 . 0 7 ,  t h e  
e f f e c t i v e  f l u x  of  r a d i a t i o n  from t h e  Sun 

~..-ge t o  which Te = 228 f 17'K c o r r e s p o n d s .  

An e x a m i n a t i o n  of t h e  p i * o f i l e s  of r a d i a t i v e  heat f l u x e s  leads 
t o  t h e  c o n c l u s i o n  t h a t  i n  a p u r e  carbon d i o x i d e  atmosphere,  t h e  f l u x  
a t  t h e  c l o u d  t o p s  i s  more t h a n  3 . 5  times l a r g e r  t h a n  t h e  l i m i t i n g  
v a l u e  o f  absorbed  s o l a r  energy .  Beginning w i t h  h 2 1 0  km, 

2 2 2  
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dh 0 - r 7 -  S ( h )  > q, . However, t h e  c o n d i t i o n  
i p of b a l a n c e  i s  s e c u r e d  a t  a c o n t e n t  o f  

fH20 
h e a t  f l u x  t h r o u g h o u t  t h e  e n t i r e  
t h i c k n e s s  of t h e  s t u d y  l a y e r  does  
n o t  exceed t h e  S u n ' s  a t  Venus. 

F i g .  1 0 2  and 103 show t h e  
c a l c u l a t i o n s  a t  = E = 1, 
and t h e  dashed l i n e s  t g e r e i n  a l s o  
show c a l c u l a t i o n s  of  S ( h )  i n  i n d i -  
v i d u a l  "windows" f o r  c l o u d s  t h a t  
r e f l e c t  r a d i a t i o n  i n  the i n f r a r e d  
r e g i o n  o f  t h e  spec t rum.  S i n c e  t h e  
e m i s s i o n  of a blackbody a t  t h e  
t e m p e r a t u r e  of  t h e  c l o u d s  i s  n o t  
l a r g e ,  t h e  e f f e c t i v e  heat f l u x  a t  
t h e  l e v e l  of t h e  c l o u d s  d e c r e a s e s  

d e c r e a s e  i n  t h e i r  b l a c k n e s s  E ~ .  

= 0.005%, s o  t h a t  t h e  e f f e c t i v e  
/300  -- 

VI/ /  

r 

< .  , n  - \ .  
- I '  ' \ : 

b '  ' 

F i g .  105.  V a r i a t i o n  i n  t h e  coef -  i n  t h e s e  cases p r o p o r t i o n a l l y  t o  
f i c i e n t  of hea t  c o n d u c t i v i t y  i n  
t h e  Venusian atmosphere f o r  t h e  The i n t e r n a l  v a l u e s  of t h e  f l u x e s  
c a l c u l a t e d  h e a t  f l u x  S ( h )  ( s o -  are also r e d u c e d ;  however, t h e i r  
l i d  c u r v e ) .  The dashed l i n e  i s  maximum v a l u e s  d e c r e a s e  by  15-2596 
t h e  same v a r i a t i o n  normal ized  a t  = 0 . 5  - 0 . 3 .  
t o  t ake  account  of  t h e  t e m -  
p e r a t u r e  dependence X(T) i n  If we make t h e  a n a l o g y  w i t h  
approximat ion  of  r a d i a t i v e  t h e  E a r t h ' s  c l o u d s ,  t hen  a c c o r d i n g  
heat c o n d u c t i v i t y .  The v a l u e  t o  F e y g e l ' s o n  [161-1633, i n  an  
of S z ( h )  i s  g i v e n  a c c o r d i n g  t o  examinat ion  of t h e  f l u x e s  of  ra- 
F i g .  103. d i a t i o n  i n t o  t h e  hemisphere ,  t h e  

d i f f e r e n c e  between t h e  e m i s s i o n  of 
Key: a .  w / m * d e g 4  d e n s e ,  opaque c l o u d s  o f  water 

b. w / m * d e g  d r o p l e t s  and a b s o l u t e l y  b l a c k  
e m i s s i o n  i n  t h e  s p e c t r a l  i n t e r v a l  
4-40 Urn i s  n o t  morae t h a n  5-lo%, 

w i t h  t h e  e x c e p t i o n  o f  t h e  window a t  8-12 Pm, where t h e  d i f f e r e n c e  can 
r e a c h  15-25%. About a t h i r d  of  so la r  r a d i a t i o n  i n  t h e  i n f r a r e d  
r e g i o n  p a s s e s  t h r o u g h  t h e  E a r t h ' s  c l o u d s ,  and i f  it i s  c o n s i d e r e d  
t h a t ,  j u d g i n g  by e v e r y t h i n g ,  Venus c l o u d s  a r e  as d e n s e  o r  s l i g h t l y  
d e n s e r  ( c f .  S e c t i o n  V . 3 )  t h a n  t h e  E a r t h ' s  c l o u d s ,  t h e n  n e a r l y  all 
the  thermal p o r t i o n  o f  the  S u n ' s  spec t rum s h o u l d  be c o n t a i n e d  i n  
t h e  c l o u d s  o r  i n  t h e  atmosphere d i r e c t l y  below t h e  c l o u d s .  

S e v e r a l  works have estimated the  i n f l u e n c e  of t h e  a l t i t u d e  of 
the c l o u d s  on r a d i a t i v e  f l u x e s  i n  t h e  Venusian a tmosphere .  
Avduxevskiy e t  a l .  [ 6 ]  have d e m o n s t r a t e d  t h a t  S d e c r e a s e s  s l i g h t l y  
as ho i s  lowered (and a c c o r d i n g l y ,  as T grows) and t h a t  t h i s  i s  
e s p e c i a l l y  marked a t  < 1. The c a l c u l a t i o n s  of  S t r e l k o v  and 
Kukharskaya [1521, which do n o t  i n c l u d e  r e f l e c t i o n ,  a l s o  c o n f i r m  
t h a t  t h e  c l o u d s  c o n t r i b u t e  l i t t l e  t o  t h e  d i s t r i b u t i o n  of  longwave 
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F i g .  1 0 6 .  T o t a 1 , f l u x e s  of h e a t  
r a d i a t i o n  v s  a l t i t u d e .  The 
s o l i d  c u r v e s :  

2- 97% C02 + 0.001% H20; 
3- 97% C02 + 0 . 0 0 5 %  H 0; 

cS = €c = 1; 

l-lOO% CO2, 

4- 97% C02 t 0.01% H 6; 
broken  l i n e  
2a- = 1, E = 0.5;  
97% C 0 2  + 0.061% H 2 0  C566al. 

Key: a .  km 

5- 9 7 2  C 0 2  + 0.1% H2 6 . The 

b.  w/m 

r a d i a t i o n .  P o l l a c k  [463]  has p o i n t e d  
t o  t h e  i n c r e a s e  i n  t h e  t o t a l  f l u x  
of h e a t  r a d i a t i o n  as t h e  t e m p e r a t u r e  
and p r e s s u r e  a t  t h e  l e v e l  o f  t h e  
c l o u d s  d e c r e a s e .  It may be assumed 
t h a t  f o r  low- ly ing  c l o u d s  (a t  
T 2 300°K) t h e  downward f l u x  from 
t h e  c l o u d s  exceeds  t h e  f l u x  of 
s o l a r  i n f r a r e d  r a d i a t i o n .  On t h e  
o t h e r  hand, when t h e  c l o u d s  a r e  
h i g h ,  t h e  r a d i a t i o n  from t h e  Sun i s  
g r e a t e r  t h a n  t h a t  of  t h e  c l o u d s .  

The model under  examinat ion  /301 
has n o t  t a k e n  i n t o  account  t h e  
p r o b a b l e  lower p o s i t i o n  of  t h e  
c l o u d s  ( a  p r o b a b i l i t y ,  a s  we 
have s e e n ,  i n d i c a t e d  by  measure- 
ments o f  i l l u m i n a t i o n ) .  Lowering 
t h e  l eve l  hz t o  a n  a l t i t u d e  on 
t h e  o r d e r  of  30-35 k m  can have a 
d e f i n i t e  e f f e c t  on t h e  i n t e r n a l  
s t r u c t u r e  o f  t h e  h e a t  f l u x e s .  A t  
t h e  same t i m e ,  t h i s  w i l l  h a r d l y  
change o u r  b a s i c  c o n c l u s i o n s ,  
s i n c e  i n  t h e  Venusian a tmosphere ,  
i n  c o n t r a s t  t o  t h e  E a r t h ' s  atmos- 
p h e r e ,  i t  i s  c l e a r l y  t h e  o p a c i t y  
of t h e  g a s e o u s  medium, n o t  t h e  

c l o u d s ,  t h a t  p l a y s  t h e  d e c i d i n g  r o l e  i n  t h e  "greenhouse" e f f e c t .  

case of i n f r a r e d - r e f l e c t i n g  c l o u d s ,  t h e  total heat f l u x  a t  their 
l e v e l  c a n  c o r r e s p o n d  t o  t h e  e f f e c t i v e  f l u x  from t h e  Sun even  i n  a 
p u r e  C O  even though 
a s i g n i g i c a n t  d e g r e e  o f  r e f l e c t i o n  i s  needed f o r  t h i s .  However, 
t h e  maximum f l u x e s  a r e  reduced  o n l y  i n s i g n i f i c a n t l y  i n  comparison 
t o  a model w i t h  n o n - r e f l e c t i n g  c l o u d s ,  and,  as t h e  measurements of  

An e x a m i n a t i o n  o f  t h e  da t a  g i v e n  i n  F i g .  1 0 6  shows t h a t  i n  t h e  

a tmosphere  o r  w i t h  a n  H20 admixture  of  

a t  d e p t h  c a n n o t  be a s s u r e d .  Assuming 
t h e n  i n  a l l  c a s e s  examined an  agreement  between 

on t h e  s u r f a c e  i s  r e l a t i v e l y  e a s y  t o  r e a c h ;  as 
f o r  the S ( h )  anc! w ( h ) ,  t h e  b e s t  agreement  i s  

z 9  r e a c h e d  f o r  a model w i t h  f H  

a p p r e c i a b l e  d i f f e r e n c e s  remain  ( c f .  F i g .  9 2 ) .  
= 0.1%. With a lower H20 c o n t e n t ,  

2 

These compar isons  are  c o n d i t i o n a l ,  of c o u r s e ,  s i n c e  t h e  Venera-8 
exper iment  measured one-way f l u x ,  n o t  t h e  t r u e  amount 
s o l a r  e n e r g y .  O p a c i t y  needs  t o  be c h a r a c t e r i z e d  more 
p r i m a r i l y  i n  t h o s e  s p e c t r a l  r e g i o n s  where,  e x c e p t  f o r  

of absorbed  
a c c u r a t e l y  
H20 v a p o r ,  

2 2 4  



h 

c o n t r i b u t i o n s  a re  made by  t h e  edges of  C 0 2  bands,  h o t  t r a n s i t i o n s  
o f  C 0 2  bands,  and induced a b s o r p t i o n  i n  band 7.5 pm. We a l s o  need 
t o  know tha t  e r r o r s  r e s u l t  from c a l c u l a t i n g  t r a n s m i s s i o n  f u n c t i o n s  
i n  t h e  weak l i n e  approximat ion  t h r o u g h  the range  o f  v a r i a t i o n  i n  
T and P w i t h  a l t i t u d e .  T h e r e f o r e ,  o u r  c o n c l u s i o n s  about  r a d i a t i v e  
heat exchange a re  o n l y  as  a c c u r a t e  as t h e  t r a n s m i s s i o n  f u n c t i o n s  
and heat t r a n s f e r  models used.  

V . 5 .  Convect ive  Heat Exchange 

B a s i c  r e l a t i o n s .  The p r e v i o u s  s e c t i o n  demonst ra ted  t h a t  ra- 
d i a t i v e  heat f l u x  from t h e  s u r f a c e  d e c r e a s e s  as a l t i t u d e  d e c r e a s e s ,  
a f a c t  t ha t  i s  re la ted  t o  t h e  a t t e n u a t i o n  o f  p e n e t r a t i n g  s o l a r  ra- 
d i a t i o n  due t o  a n  i n c r e a s i n g  o p t i c a l  t h i c k n e s s  o f  t h e  a tmosphere .  
U n f o r t u n a t e l y ,  t h e  r e m a i n i n g  u n c e r t a i n t y  a b o u t  r a d i a t i v e  heat ex- 
change d o e s  n o t  a l l o w  u s  a t  t h i s  stage t o  make a r e l i a b l e  deter-  
m i n a t i o n  of  t h e  energy  b a l a n c e  i n  t h e  lower atmosphere and on t h e  
s u r f a c e  o f  Venus. A t  t h e  same t i m e ,  s i n c e  t h e  measured t e m p e r a t u r e  
p r o f i l e  i s  c l o s e  t o  t he  a d i a b a t i c ,  it can be  assumed t h a t  t he rma l  
e q u i l i b r i u m  i n  r e l a t i o n  t o  t h e  p r o f i l e  o f  p e n e t r a t i n g  r a d i a t i o n  i s  
r e a c h e d  due t o  a d d i t i o n a l  heat t r a n s f e r  from t h e  lower heated layers  
of  t h e  a tmosphere ;  t h i s  compensates f o r  t h e  r e d u c t i o n  i n  r a d i a t i v e  
heat f l u x  ( c f .  F i g .  78d, 7 8 e ) .  Free c o n v e c t i o n  can  p r o v i d e  such  a 
mechanism. The r e l a t i o n  between t h e  f l u x  of a t t e n u a t e d  s o l a r  ra- 
d i a t i o n  a t  t h e  s u r f a c e  and t h e  t o t a l  h e a t  f l u x  s h o u l d  i n  t h i s  c a s e  
be v e r y  i m p o r t a n t  f o r  t h e  i n t e n s i t y  o f  c o n v e c t i v e  t r a n s f e r  i n  t h e  
lower  atmosphere o f  Venus. 

Another p r o b a b l e  c a u s e  o f  added,  v e r t i c a l  exchange o f  e n e r g y  
and e q u a l i z a t i o n  of t e m p e r a t u r e  i r r e g u l a r i t i e s  i n  t h e  h o r i z o n t a l  
d i r e c t i o n  i s  f o r c e d  c o n v e c t i o n ,  which i s  r e l a t e d  t o  a d v e c t i v e  heat  
transfer i n  large-scale c i : r c u l a t i o n  ( c f .  e q u a t i o n  ( V . 8 ) ) .  A c e r -  
t a i n  c o n t r i b u t i o n  i n  t h i s  :regard can  a l s o  be made by heat t r a n s f e r  
and turbulence-caused  motion.  On Ear th ,  t h e  a v e r a g e  a n n u a l  heat  
l o s s  by  t h e  s u r f a c e  due t o  t u r b u l e n t  t r a n s f e r  i s  about 5%.  It i s  
d i f f i c u l t  t o  estimate t h e  e f f e c t i v e n e s s  o f  t u r b u l e n t  heat exchange 
between t h e  s u r f a c e  and t h e  atmosphere on Venus, b u t  i t  s h o u l d  b e  
less t h a n  t h e  power o f  t h e  s o l a r  r a d i a t i o n  p e n e t r a t i n g  t o  t h e  
s u r f a c e .  

A s  a l r e a d y  n o t e d ( S e c t i o n  V.21, t h e  problem o f  r a d i a t i v e -  
c o n v e c t i v e  heat  exchange i n c l u d i n g  c i r c u l a t i o n  i n  t h e  a tmosphere ,  
i . e . ,  t h e  i n t e r a c t i o n  between c o n v e c t i v e  e l e m e n t s  and motion on a 
s y n o p t i c  s c a l e  i s  e x t r e m e l y  complex, even f o r  a two-dimensional -- /303  
model; s i n g l e - p r e c i s i o n ,  n u m e r i c a l  computa t ions  u s i n g  a v a i l a b l e  
computers are  n o t  enough t o  examine g l o b a l  and l o c a l  e f f e c t s .  
I n  o r d e r  t o  u n d e r s t a n d  t h e  dynamic regime of t h e  Venusian atmos- 
phere ,  i t  i s  of g r e a t  i n t e r e s t  in i t s e l f  t o  u s e  t h e  c a l c u l a t i o n s  of 
r a d i a t i v e  heat f l u x e s  t o  examine t h e  mechanism o f  l o c a l  hea t  con- 
ve c t i o n .  



, The driving force of free convective motions in the gravita- 
tional field should be the difference between the temperatures at 
the boundaries of t h e  studied region of an atmosphere with an 
unstable stratification. A significant depth of the convective 
zone and a substantial difference between the temperature profile 
corresponding to radiative equilibrium and the adiabatic are the 
basic features of atmospheric convection. In order to calculate 
these features, it is necessary to examine theoretical models of 
convective motions in a compressible gas. The works of Polezhayev 
[127-129] have contributed greatly to the development of such 
models. 

A system of two-dimensional, non-stationary equations (fluid 
mechanics; the Navier-Stokes equations) that determine motion and 
heat transfer in a compressible, viscous, heat-conducting, single- 
component gas in the field of external forces, will'have the form 
(cf. for example, C901) :  

where 

l is the dissipation function, u and v are the projections of the 
velocity vector on axes X and Y. In order to close this system, it 
is necessary to add the equation of state of a perfect gas 

I 
P = pRT ( V .  7 7  1 

and the temperature dependences of the coefficients of heat con- 
ductivity and viscosity 

I Equations ( V . 7 3 ) - ( V . 7 6 )  are given in dimensionless form as: 

L 

2 2 6  
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The scalar dimensionless values that enter into the equations are 

where a is the speed of sound, which is chosen as a velocity scale / 3 0 5  
(the subscript"1" refers to conditions at the upper boundary). Heat- 
conductivity in a horizontal direction is assumed to be A t  = const. 

These values and corresponding boundary conditions can yield 
dimensionless numbers that determine the current and heat transfer 

convection in a compressible gas :  

Ra = GrPr is the Rayleigh number; 

Pr = uCp/X is Prandtl's number; 
rrAl - Gr = Cj:C;Fq --_ is Grashof's number which refers 
'I '7. 1'1 

to a supplied heat flux q , where Gs = qSL/hT1 is the dimensionless 
heat flux (Nusselt nurnbery, L s the characteristic size of the 
convective region, and v = LIP-' is the coefficient of kinematic 
viscosity: 

K = gh/Cpqs is the relation of the adiabatic temperature 
gradient y, = - (aT/ah),d = g/Cp l 6  to a given y = aT/ah or to a 
radiative yrad = qs/x 1 ' ;  

For the sake of simplicity, here and hereinafter, we will disre- 
gard the temperature-pressure dependence of gas enthalpy in the ex- 
pression for the adiabatic temperature gradient. 

difference T2-T1> rather than heat flux qs is assigned at the lower boundary, 
Grashof's number and K are determined more conveniently as follows: 

' In the case where temperature T2 (i.e. , a fixed temperature difference 

1.. l.2 -. ! i Gy _-- 
- I  or 

2 27 



ORIGINAL PAGE IS 
OF POOR Q u A L a  

The number K is one of the fundamental numbers influencing the / 306  
intensity of heat convection, which in turn determines the driving .L 

force of convective motions in the gravitational field. The numbers 
K and Pr define the physical properties of gas. "_'e number CF is 
the ratio of free f a l l  velocity from altitude h = L to the speed 
of sound. It determines the altitude distribution of density and 
pressure. At the characteristic dimension L - H, CF -1. 
such an order of magnitude can be modelled in numerical calculations. 
The Rayleigh number Ra is the fundamental dimensionless number, which 
determines the effect of viscosity during convectrive motion in the 
field of external forces. Convective motion in a gas heated from be- 
low arises a f t e r  the mechanical equilibrium determined by the hydro- 
static equilibrium equation becomes unstable. In a stratified layer 
of viscous gas (without taking compressibility into account, 

< <  l), Ra < Ra is the condition of the stability of such 
equilibrium, whergrRacr is the critical Rayleigh number. In natural 
convection in a viscous gas hea ed frqm below, cellular currents 
arise in this case at Ra 2 10' - 10 . The Jeffreys condition is 
more general; this condiEfon calculates the value of-K and charac- 
terizes stability with reference to the number Ra = Ra(1 - K). 

The s y s t e m  of dimensionless numbers of which CF i s  a par t  is 
more general than that which follows from Boussinesq equations, 
which a re  u s u a l l y  used for convection in a comparatively thin 
atmospheric layer at the surface. As is well-known, the latter 
presume that density disturbances do not depend on pressure dis- 
turbances and depend linearly on temperature disturbances; changes 
in density are taken into account only in lifting power. Therefore, 
calculations of convective transfer in this approximation can be 
done only when the cell in question (and the fall in p )  is small. 
For the conditions with which we are concerned, and with a char- 
acteristic cell size on the order of H, the use of Eoussinesq 
equations (CF not considered) would lead to substantial errors. 

In a gas whose density depends on both temperature and pres- 
sure, the conditions in which convection arises are more complex. 
If we consider only the compressibility of the gas, and not its 
heat conductivity and viscosity, the stability condition is written /307 
as in (V.11). As applied to the aforementioned system of dimension- 
l ess  numbers, this condition can a lso  be presented in the fo rm 

* Values of 

cF 

I / .  I : ( ,  
V ' . I "  l ) f ' : ,  Il.II1 ti I .  ( V . 8 3 )  

According to rolezhayev's calcuiat,ium [ 1 2 8 1 ,  in a compressible, 
viscous, and heat-conducting gas, the line corresponding to l o s s  of 
equilibrium and the onset of convection is defined in the plane of 
the numbers Ra, K o r  Cr , and CF (at fixed remaining dimensionless 
numbers), 
depend in this case on the distance between a point with coordinates 
Ra and K, a point that characterizes concrete conditions, and the 
boundary of stability, which is shown as a curve including the 

The intensit5 o f  convective motions in the atmosphere 
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critical values of R a n  and K* ; the intensity is the function 

: *  

e 

e 

( V .  84) 
.- - !l l l :< l . / \  t ,  I ’ ,  % I  

I / I : !  

The intensity of convective motions as obtained in calculations may 
also be presented in another form, in Re number: 

where f 2  = f l C R .  OF POOR QUALIR’ 

Since H 1 7  km in the lower atmospher of Vegys, the values of 
Rayleigh number are on the order of Ra - 10” - 10 
large Ra numbers, convective motion is far beyond the threshold of 
statistical stability and is undoubtedly turbulent. Numerical model- 
ling by Ra number in this range still meets with substantial difficul- 
ties. Furthermore, it is impossible to reproduce convective currents 
at corresponding conditions even in a laboratory experiment’ ’. 
At the same time, however, numerical modelling of the remaining 
dimensionless numbers with reference to the conditons of the Venusian /308 
lower atmosphere and with lower values of Ra number is still possible. 
In this case, it is possible to obtain several estimates for a model 
of free convection, assuming that the dependence of dimensionless 
velocity on the parameters K and CF remains qualitatively similar. 

opment of convective motions in the atmosphere. The first is for 
relatively weak convective activity in a quiet atmosphere, where 
the actual temperature gradient is close to the adiabatic. The 
second case is for maximum intensity of convection arising under 
the condition that at a certain time in the atmos.ohere there was an 
initial tem erature profile close to the profile of radiative 
equilibrium . The convective flux arising in the presence of this 
profile leads an unstable static atmosphere into a state of convec- 
t i v e  equilibrium; this equilibrium s t a t e  corresponds to t h e  f i r s t  
limiting case. 

. With such 

The most interesting are two limiting cases modelling the devel- 

P 9  

The limiting estimates (obtained in [ 5 ,  1881) of such a transi- 
tion hold true in conditions of high atmospheric transparency for 
solar  radiation, when equality (V.7) or (V.14) is satisfied right 
down to the surface. This was the purpose of calculating the 
functions Trad(h) for an atmospheric model with radiative 

be necessary to provide huge values of g !%eed from various side 
effects, in particular, from a large Coriolis component while using 
a centrifuge. 
l 9  Thus stated, the problem of convective development in an atmos- 
phere originally in a state of hydrostatic and radiative equilibrium 
was formulated as early as 1913 by Emden (cf. [ 5 0 1 ) .  

In order to obatin a large value of C for example, it would 



equilibrium (Fig. 78a) by integrating the equations of the type 
(V.58)-(V.60) at S(h) = q$ (cf. (V.6>>, cS = 1 and cC = 0.3 - 0 . 5 .  

The difficulty in solving this problem is that the transfer 
equation is written for spectral intensity, whereas the condition 
of radiative equilibrium is integrated with respect to the spectrum. 
Therefore the function T (h) was found by using a method of 
successive approximationg?d Because the distribution of gas parameters 
vary as temperature profiles also vary, the equations of state and 
hydrostatic equilibrium were also used. In setting the conditions 
at the upper boundary, a flux of downward Tadiation F I  was calcu- 
lated, while the values of upward fluxes Fi , values necessary to 
the calculations, at the lower boundary were determined by choosing /309 
a surface temperature that satisfied the condition: 

' X "  

i 

Fig. 1 0 7 .  Altitude pro- 
files of atmospheric tem- 
perature in conditions of 
radiative equilibrium: 
1-the adiabat; 

240 (E = 0.5); 
3-q = f 2 5 ( ~ ~  = 0.3); 

0.5); 

170(~, = 0 .5)  [51* 

2-q = 140(Ec = 0 . 3 ) ;  

4-q - 

Fig. 107 shows the temperature d i s -  
tributions obtained for this model at 
various values of q .  As we see, the 
condition of radiative equilibrium leads 
to a significant increase in the tempera- 
ture of the gas near the surface, as well 
to an increase in temperature gradients 
with altitude. Particularly large 
gradients, those that greatly exceed 
the adiabatic, are reached at the sur- 
face. Because convective instability 
arises i,n this region, intense convective 
motions should arise in this region; the 
smaller K is, the larger these motions 
are. We will now examine the structure 
and intensity of currents in models of 
cellular and penetrating convection. 

A model of cellular convection. 
When the upper boundary of the region 
under study is restricted, a model of 
regular (cellular) convection is rela- 
tively simple. Avduyevskiy et al. 
[ 2 ,  5, 1881 use this approach to model 
convective activity in the Venusian 
atmosphere. 

Let us assume that convective motion in an infinitely long 
horizontal layer of gas after loss of mechanical equilibrium is 
divided into a series of cells, each of whose horizontal dimension 

L 

L 

ie 

2 3 0  ORIGINAL PAGE IS 
OF POOR QUALITY 



i s  c l o s e  t o  t h e  d e p t h  o f  t h e  c o n v e c t i v e  zone,  i . e . ,  t h e  c o n v e c t i o n  
i s  p e r i o d i c  w i t h  a h a l f - p e r i o d  L.20 

c o n v e c t i o n  can t h e n  b e  reduced  t o  
Estimates o f  t h e  i n t e n s i t y  of  

F i g .  108. The s t r u c t u r e  of t h e  
c e l l u l a r  c o n v e c t i o n  i n  a h o r i -  
z o n t a l  l a y e r  (L = H ) :  
1 - s i n g l e - v o r t e x  c e l l s ;  
2-double-vortex c e l l s .  

Key: a .  p l a n e t a r y  s u r f a c e  

c a l c u l a t i o n s  f o r  a s i n g l e ,  c l o s e d  
c o n v e c t i v e  c e l l ,  whose wid th  i s  
e q u a l  t o  i t s  h e i g h t  H .  Depending 
on t h e  nature  of' t h e  i n i t i a l  d i s -  
t u r b e n c e s  i n  t h e  c e l l s ,  e i t h e r  one- 
v o r t e x  o r  two-vortex motions can  
a r i s e .  F i g .  108 shows t h i s  
s c h e m a t i c a l l y .  

By t a k i n g  i n t o  account  t h e  
r e s u l t s  of l a b o r a t o r y  e x p e r i m e n t s  
and numer ica l  e x p e r i m e n t s ,  i t  c a n  
b e  assumed t h a t  t h e  l a t e r a l  s u r -  
f a c e s  o f  each  i n d i v i d u a l  c o n v e c t i v e  
c e l l  ( w i t h  one o r  s e v e r a l  v o r t e x e s )  
are  symmetr ica l .  It i s  assumed -- 
by v i r t u e  o f  t h e  c o n d i t i o n s  o f  
a d h e s i o n  and non-flow -- t h a t  v e l o -  
c i t i e s  on t h e  Qpper  and lower bound- 
a r i e s  of t h e  c e l l  a r e  z e r o  and t h a t  
t h e  l a t e r a l  s u r f a c e s  a r e  i n s u l a t e d  
from heat .  

It i s  f u r t h e r  h e l d  t h a t  on t h e  uppe r  s u r f a c e  of  t h e  c e l l  t h e  t e m -  
p e r a t u r e  i s  f i x e d  and e q u a l  t o  T and t h a t  on t h e  lower  s u r f a c e  of 
t h e  c e l l  t h e r e  i s  a c o n s t a n t  heag f l u x  q, = 
s o l u t i o n s  ( t o  be d i s c u s s e d  l a t e r )  of t h e  s y s t e m  (V.77)-(V.82) that  
c o r r e s p o n d  t o  t h e  es tab l i shed  c h a r a c t e r  of  t he  thermal  regime of 
t h e  atmosphere are  found a s  a r e s u l t  of e s t a b l i s h i n g  t h e  i n i t i a l  
d i s t u r b a n c e s  a t  g i v e n  original v a l u e s  of v e l o c i t i e s  u(x, y , O ) ,  
v ( x ,  y,O) and gas p a r a m e t e r s  P ( x , y , O ) ,  T(x ,y ,O) ,  p (x ,y ,O)  r e l a t e d  
by  t h e  e q u a t i o n s  of s t a t e  and h y d r o s t a t i c  e q u i l i b r i u m .  

XaT/ay. The s t a t i o n a r y  

2 o  

v e c t i o n  i s  i n f l u e n c e d  by t h e  v e r t i c a l  t e m p e r a t u r e  g r a d i e n t  ( e s p e c i a l l y ,  
t h e  r a d i a t i v e h e a t  inflow and by the  a n i s o t r o p y  o f  t u r b u l e n t  mixing,  
i . e . ,  t h e  r a t i o  of t h e  v e r t i c a l  and h o r i z o n t a l  c o e f f i c i e n t s  of  t u r -  
b u l e n t  v i s c o s i t y .  According t o  estimates made f o r  t h e  E a r t h ' s  a t -  
mosphere, t h e  l e n g t h  o f  t h e  c e l l s  i s  p r o p o r t i o n a l  t o  $1/5, w h i l e  
the  t i m e  of t r a n s i t i o n  f romalaminar  regime t o  a f u l l - f l e d g e d  con- 

e i s  t h e  p o t e n t i a l  t e m p e r a t u r e  ( c f .  C174, 3061) .  

I n  a real  atmosphere,  t h e  s i z e  o f  t h e  c e l l s  i n  c e l l u l a r  con- 

and v e c t i v e  regime i s  p r o p o r t i o n a l  t o  $ 2 / 5 ,  where , 1 . I O  
I : , , I ! , '  



There have been  c a l c u l a t i o n s  o f  t h e  dependence o f  t h e  i n t e n s i t y  
of  c o n v e c t i o n  on p a r a m e t e r  K f o r  c o n v e c t i v e  motion wi th  one v o r t e x  
(which i s  caused  by asymmetr ica l  i n i t i a l  d i s t u r b a n c e s  and which h a s  
t h e  s m a l l e s t  c r i t i c a l  v a l u e s  G r f  
w i t h  two v o r t e x e s  (which i s  caused  by  symmetr ical  i n i t i a l  d i s t u r -  
bances  and which h a s  h i g h e r  c r i t i c a l  v a l u e s  C r L *  , K* ) i n  one and 
t h e  same r e g i o n  H/L = 1. 

, K )  and f o r  c o n v e c t i v e  motion 

The n u m e r i c a l  s o l u t i o n  of t h e  system of e q u a t i o n s  (V.77)-(V.82) 
w i t h  t h e s e  i n i t i a l  and boundary c o n d i t i o n s  has been c a r r i e d  o u t  by 
using an unclear d i f f e r e n c e  approach  w i t h  a s p a t i a l  approximat ion  o f  
t h e  second o r d e r  o f  a c c u r a c y ;  t h i s  h a s  been developed b y  Polezhayev  
w i t h  r e f e r e n c e  t o  c o n v e c t i v e  mot ions  of c o m p r e s s i b l e  g a s  a t  a 
s p e c i f i e d  t e m p e r a t u r e  d i f f e r e n c e  across  t h e  c e l l  L127, 129I2l. The 
d i f f e r e n c e  g r i d  h '  = 0 .05 ,  R' = 0.05 was used (h' and R' are  t h e  
s t e p s  o f  t h e  g r i d  c o r r e s p o n d i n g  t o  the s p a t i a l  v a r i a b l e s  x ,  y ) .  

F i g .  109 shows t h e  d i s t r i b u t i o n  a l o n g  t h e  h o r i z o n t a l  a t  s c a l e  
h e i g h t  H/2 of  t h e  v e r t i c a l  v e l o c i t y  i n  t h e  c e l l  f o r  v a r i o u s  K f o r  
s i n g l e - v o r t e x  c o n v e c t i v e  motion a t  Ra = 1 0  . 

It is clear f r o m  the results t h a t  the intensity of c o n v e c t l o n  1 3 1 2  
i n c r e a s e s  s i g n i f i c a n t l y  as t h e  r a t i o  of  t h e  a d i a b a t i c  g r a d i e n t  t o  t h e  
g i v e n  decreases .  F i g .  1 1 0  shows t h e  maximum ampl i tude  o f  c o n v e c t i v e  
mot ion  as  a f u n c t i o n  of p a r a m e t e r  K .  The dashed curve  2 shows t h e  
c o r r e s p o n d i n g  dependencefor  a t w o - v o r t e x  c e l l .  The maximum a m p l i t u d e  
of  c o n v e c t i v e  mot ions  i n  t h i s  c a s e  t u r n s  o u t  t o  b e  l e s s  t h a n  f o r  
a s i n g l e - v o r t e x  c e l l ;  c u r v e  1 g i v e s  an e s t i m a t e  o f  c o n v e c t i v e  i n -  
t e n s i t y  i n  a v i s c o u s  gas,  a n  estimate e v i d e n t l y  c l o s e  t o  t h e  u p p e r  
l i m i t  a t  s p e c i f i e d  p a r a m e t e r s .  For  t h e  s a k e  of comparison,  c u r v e  3 
estimates c o n v e c t i v e  i n t e n s i t y  as o b t a i n e d  b y  u s i n g  Bouss inesq  
e q u a t i o n s  w i t h o u t  t a k i n g  v i s c o s i t y  i n t o  account  (when Ra  = f o r  a 
s i y g l i f i e g , m o d e l  o f  c o n v e c t i o n  [ 3 6 2 ] .  C l e a r l y ,  a t  Ra numbers of 
1 0  - 1 0  c ,  which c o r r e s p o n d  t o  the assumed dimensions of the con- 
v e c t i v e  region, t h e  i n t e r m e d i a t e  c a s e  between c u r v e s  1 and 3 s h o u l d  
occur .  The r e q u i r e d  v a l u e s  o f  R a  can  be reached  due t o  c o r r e s p o n d i n g  
v a l u e s  o f  v i s c o s i t y  a t  R e  = c o n s t  ( c f .  ( V . 8 5 ) ) .  

a k i l o m e t e r )  o b t a i n e d  from o b s e r v a t i o n s  o f  c o n v e c t i v e  c l o u d i n e s s  
f rom a r t i f i c i a l  s a t e l l i t e s  and from h i g h - a l t i t u d e  m e t e o r o l o g i c a l  
t o w e r s ;  h e s e  d a t a  i n d i c a t e  t h a t  c e l l u l a r  s t r u c t u r e s  a t  
R a  - lo1! >> Rac, do i n  f a c t  e x i s t .  The works of  Ivanov e t  a l .  
C557-5591 e x p l a i n  t h e  a p p e a r a n c e  of such  q u a s i - c e l l s ,  whose s p a t i a l  
d imens ions  a re  on t h e  o r d e r  of  1-10 km, b y  t h e  c l o s e  r e l a t i o n  between 
l a r g e - s c a l e  s t r u c t u r e s  and t h e  change i n  t u r b u l e n t  p a r a m e t e r s  i n  
a boundary l a y e r  w i t h  u n s t a b l e  s t r a t i f i c a t i o n .  The e x i s t e n c e  

6 

There are data f o r  t h e  E a r t h ' s  lower a tmospher ic  l a y e r  ( a b o u t  /313 

2 1  The g e n e r a l  i d e a  o f  v a r i a b l e  d i r e c t i o n s  i s  a t  the bas i s  of t h i s  
approach,which leads t o  t r i - d i a g o n a l  m a t r i c e s .  
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F i g .  109. P r o f i l e s  o f  
v e r t i c a l  f l o w s  v s  K :  
1-K = 0.0880; 

4-K = 0.950; 

2-K = 0.920; 
3-K = 0.945;  

5-K = 0 . 9 7 5 ;  
6-K = 0.990 C188-J. 

Key: a .  m/sec 

, I' d 
I 

L 

F i g .  110 .  Maximum ve- 
l o c i t i e s  of  v e r t i c a l  
c o n v e c t i v e  motions : 
1 - s i n g l e - v o r t e x  c e l l ;  
2-two-vortex c e l l ;  
3 - s i n g l e  v o r t e x  c e l l  
a t  v = 0 [188]. 

Key: a .  m/sec 

of an  o r d e r e d  s t r u c t u r e  i n  
t h e  boundary l a y e r  o f  t h e  E a r t h ' s  a tmosphere 
w i t h  a wel l -developed c o n v e c t i o n  i s  e v i d e n t l y  
re la ted  a l s o  t o  r e c o r d e d  low-frequency 
f l u c t u a t i o n s  o f  m e t e o r o l o g i c a l  e l e m e n t s  
( w i t h  time s c a l e s  on t h e  o r d e r  o f  1 0 0 0  s e -  
c o n d s ) :  these f l u c t u a t i o n s  c o n t r i b u t e  
n o t i c e a b l y  t o  t h e  d i s p e r s i o n  of t e m p e r a t u r e  
and t h e  h o r i z o n a l  wind v e l o c i t y  component. 
T h i s  i s  confirmed by the s t a t i s t i c a l l y  -based 
c o l n c i d e n c e  between t h e  l e n g t h  of  t h e  d i s -  
t u r b a n c e s  and t h e  s c a l e s  of i r r e g u l a r i t i e s ,  
which cor respond t o  t h e  s p e c t r a  of t h e  
f l u c t u a t i o n s .  The rep lacement  of t h e  cus-  
tornary c o e f f i c i e n t s  o f  v i s c o s i t y  and hea t  
c o n d u c t i v i t y  V and A b y  t h e i r  t u r b u l e n t  
ana logues  ( c h a r a c t e r i s t i c  of  a t u r b u l e n t  
medium) w i l l  d e c r e a s e  t h e  Rayle igh  number 
by a t  l e a s t  8-9 o r d e r s  of magni tude .  Tur- 
bu:Lence t h u s  l e a d s  t o  a n  i n c r e a s e d  e f f e c t i v e -  
n e s s  o f  t h e  p r o c e s s e s  of  exchange and t h e r e b y  
t o  a r e d u c t i o n  i n  a t m o s p h e r i c  s t a b i l i t y .  
These s t a b i l i z i n g  f a c t o r s  e v i d e n t l y  p l a y  
an unique feedback  r o l e  [588, 5621 .  

The r e s u l t s  g i v e n  i n  F i g .  1 1 0  t h u s  
a l l o w  one t o  make a q u a l i t a t i v e  estimate 
o f  c o n v e c t i v e  i n t e n s i t y  i n  t h e  lower  Venusian 
atmosphere a t  Rayle igh  numbers c l o s e  t o  
a c t u a l  numbers -- provided  t h a t  c o n v e c t i v e  
i n t e n s i t y  i s  fundamenta l ly  d e f i n e d  by t h e  
v a l u e  o f  t h e  p a r a m e t e r  K .  I n  t h e  c a s e  of  6 
v i s c o u s  g a s  f o r  t he  s t u d y  model a t  R a  = 1 0  , 
large v e r t i c a l  v e l o c i t i e s  can  c o r r e s p o n d  t o  
c oinp a r a t  i v e 1 y s m a l l  d e v i a t i o n s  from 
static equilibrium (the condition of w h i c h  
i s  K = 1 i n  a q u i e t  a t m o s p h e r e ) .  For  ex-  
ample,  a t  K = 0 .99  (which a t  Ya = 8 . 5  deg/km 
c o r r e s p o n d s  t o  a d e v i a t i o n  o f  0 . 1  deg/km 
from t h e  a d i a b a t i c  g r a d i e n t ) ,  t h e  maximum 
i n t e n s i t y  o f  c o n v e c t i v e  motions o f  s c a l e  L /314 
o f  t h e  c o n v e c t i v e  c e l l  would r e a c h  1 . 5  m/sec. 
If R a  = 03 (v  = O ) ,  a much l a r g e r  v a l u e  of 
v e r t i c a l  v e l o c i t y ,  one which c o r r e s p o n d s  
t o  a v a l u e  o f  I! = 0 . 9 9 ,  i s  o b t a i n e d :  a b o u t  
40  m/sec. S i n c e  t h e  a c t u a l  d e v i a t i o n s  from 
t h e  a d i a b a t i c  g r a d i e n t  T i n  t h e  Venusian 
atmosphere a r e  a p p a r e n t l y  much smaller 
( K  i s  c l o s e r  t o  u n i t y ) ,  t h e  a c t u a l  v a l u e s  o f  
t h e  v e l o c i t y  of  c o n v e c t i v e  t r a n s f e r  do n o t  
r e a c h  v a l u e s  w i t h i n  t h e s e  bounds.  
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Although t h e  a c t u a l  r a n g e  of  R a  nunibers W ~ S  n o t  model led 
i n  t h i s  c a l c u l a t i o n ,  w e  can  t r y  t o  0btzi .n reasci,able q u a l i t a t i v e  
r e s u l t s  w i t h i n  t h e  framework of  t h i s  c c . . v e c t i v e  model, i f  we 
estimate t h e  v a l u e  of t u r b u l e n t  v i s c o s i t y  VT, p a s s i n g  t h e r e b y  
t o  t h e  t u r b u l e n t  ana logue  o f  t h e  Ra number. For  t h i s  l e t  u s  u se  
one o f  t h e  Richardson-Obukhov e m p i r i c a l  r e l a t i o n s  [1221 s u g g e s t e d  
t o  d e s c r i b e  l a r g e - s c a l e  t u r b u l e n t  d i f f u s i o n  i n  t h e  a tmosphere :  

where L i s  t h e  c h a r a c t e r i s t i c  s i z e  o f  t h e  a tmospher ic  p r o c e s s ,  
E = aq/M i s  t h e  mean s p e c i f i c  v e l o c i t y  b y  whicb k i n e t i c  energy  d i s -  

i s  de termined  s i p a t e s  i n t o  heat due t o  f r i c t i o n .  
a c c o r d i n g  t o  (V.7), M i s  t h e  mass p e r  u n i t  column o f  asmosphere,  
and a i s  a c o e f f i c i e n t  a p p r o x i m a t e l y  e q u a l  t o  112.10- f o r  E a r t h  
[ 4 6 1 .  

Here q - 90 

If ( V . 8 5 )  i s  kept  i n  mind, c a l c u l a t i o n s  of c o n v e c t i v e  i n t e n s i t y  
u s i n g  t h e  sys tem o f  e q u a t i o n s  (V.77)-(V.82)  can a l s o  b e  r e p r e s e n t e d  
i n  d i m e n s i o n l e s s  form [1881 

from which we have 

3 The v a l u e s  o f  t h e  f u n c t i o n  f ( K )  = 1.41.10 v / a l ( K )  a re  d e t e r m i n e d  
from c a l c u l a t i o n s  u s i n g  v a l u e s  o f  m o l e c u l a r  v i s c o s i t y  ( c f .  F i g .  
According t o  B r a n d t ' s  e s t i m a t e s  [ l 8 ] ,  t h e  v a l u e  3 of E f o r  t h e  E a r t h ' s  
t r o p o s p h e r e  i s  a p p r o x i m a t e l y  e q u a l  t o  5 cm2/sec . This  v a l u e  $or  
t h i s  c o n v e c t i v e  l a y e r  of  Venus ( c a l c u l a t i n g  t h a t  3 M i s  a b o u t  1 0  
l a r g e r d  i s  a c c o r d i n g l y  on t h e  o r d e r  of  1 cm2/sec . 
L - 10 m, we o b t a i n  

110). 

1 3 1 5  
t i m e s  

Then, a t  

Hence, a t  K = 0.99, we w i l l  have v 1 1 m/sec. 

L e t  u s  now estimate t h e  a c t u a l  v a l u e  o f  K and t h e r e b y  t h e  i n t e n -  
s i t y  o f  c o n v e c t i v e  mot ions  t h a t  c a n  a c t u a l l y  t a k e  p l a c e  i n  t h e  lower  
atmosphere o f  Venus. U n f o r t u n a t e l y ,  a v a i l a b l e  onboard i n s t r u m e n t s  
a r e  u n a b l e  --..___ t o  measure ~ t h e  e x t r e m e l y  S m a l l  d i f f e r e n c e  between ______-_- t h e  --- - 
a E t u a l  and t h e  a d i a b a t i c  t e m p e r a t u r e s  AT = T = , a d i f f e r e n c e  
t h a t  d e t e r m i n e s  t h e  v a l u e  o f  K .  
a n  estimate of  t h e  o r d e r  o f  magni tude of  AT by b e g i n n i n g  w i t h  t h e  
approximate expression f o r  c o n v e c t i v e  h e a t  flux Aq, according t o  
(V.10) and b y  u s i n g  t h e  c .  - c u l a t i o n s  of r a d i a t i v e  t r a n s f e r  a c c o r d i n g  
t o  t h e  measured t e m p e r a t : '  2 p r o f i l e .  A s  a f i r s t  a p p r o x i m a t i o n ,  

- - - - - - -  

It i s  possibleTaE owever, t o  o b t a i n  
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I "  

one can assume that according to order of magnitude, q, - s 5 102 w/rn2. 
Then, by substituting the expression for vertical velocity 
v = (2gHAT/T)1i2 in (V.101, we obtain a formula to determine the 
mean temperature difference 

At mean values of atmospQeric parameters with altityde of the con- 
vective cell (H = 1.5-10 
C p  = 0.24 kcat/kg.dey), we obtain 5 2.5'10- deg, whence 
1 -, K = AT/T 5.10- . In the range of values 1 - K = 0 - 
one may approximately represent the function v/al(K) (cf. Fig. 110) 
as the linear function. 

m, T = 650°K, P = 452kg/m , 

from which: v 1. 0.01 m/sec follows. 
v determined according to (V.91) and (V.93)  are in good agreement 
with estimates of the limiting value of vertical motions in the 
Venusian atmosphere obtained by analyzing the dynamics of the para- 
chute descent of Veneras-4-8 (cf. Section IV.3). 

Let us note that the values of 

A model of penetrative convection. In the model of cellular /316 -- 
convection, the mixing of gas occurs in such a way that a temperature 
profile with a gradient close to the adiabatic is established in t.he 
nucleus of the convective cell. 

In layers of gas near the lower and upper boundaries, however, 
the temperature gradient is larger than the adiabatic". The s u r -  
face temperature Ts is between the temperatures corresponding to 
the adiabatic and radiative profiles. 

The intensity of motions decreases as altitude increases and 
becomes equal to zero at the upper boundary of the convective cell 
at height H = 17 km. This result clearly does not reflect the 

2 2  It is known (cf. for example, [ 5 0 3 >  that on Earth if the length 
of the mixing is comparable to the distance from the surface to the 
bottom of the clouds, there is little effective mixing at the bound- 
aries and that near the boundary of the surface and the clouds a 
superadiabatic gradient can arise. It should be remembered, how- 
ever, that in this calculation the obtained character of T(y) is 
entirely determined by the boundary conditions, not t h e  actual 
temperature variations with altitude, variations produced by convec- 
tive instability in the real atmosphere. 
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actual situation in the Venusian tmosphere and is a consequence of 
the limitations imposed by the model itself, since it is quite likely 
that the greatest weakening of convective activity in the Venusian 
atmospere is marked by the boundary of the clouds. 
condition aq/ah -t 0 is met, which generally agrees with calculations 
of the altitude distribution of radiative fluxes. One may maintain 
that heat and mass exchange outside the cell are related to the pene- 
trating character of convective motions. This means that the con- 
vective cell's upper boundary, which separates the zones of stable 
and unstable stratification, is not fixed but shifts upward, up to 
a certain altitude h" > H, and that, in a stationary regime, the 
temperature profile in the whole region tends toward the adiabatic23. 

deal of attention [265, 299, 436, 5341. Vlasyuk and Polezhayev 
have examined one such model with reference to the Venusian atmos- 
phere [35, 1301; and their numerical experiments have produced 
estimates that develop our conceptions of the mesoprocesses of the 
atmosphere of this planet. 

(and, consequently, from the significant variation in density within 
the studied region) are overcome in part by substituting P, p, and 
T for In P, In p, and In T in the original system of equations 
(V.77)-(V.82). Starting with the conception that motions in a 
flatly-stratified, uniformly-heated, horizontal layer of gas are 
periodic, it is assumed that conditions on the lower boundary and 
lateral surfaces correspond to (V.87), while the upper boundary hE 
is determined in this case by the conditions of asymptotic behavior: 

At this level, the 

Models of penetrative convection have recently received a great/317 

The difficulties stemming from the great depth of the atmosphere 

ORIGINAL PAGE I5 
OF POOR QUA.LM"Y 

(v.94) 

O* Here Th 
on the altitude at which convection penetrates into the stable region 
and which is determined in the course of the ca gulations. In the 
system of dimensionless numbers (Grh* , K(h), C$ , L/h, Pr,K), as 

(d / ' / f t /L) ' '  
before, the parameter X(h) = 
the condition K(h) = 1 corresponds to the boundary between stable 
( K  > 1) and unstable (K < 1) zones. 

is the original temperature at level h*- , which depends 

characterizes stability; clearly, ( x  - 1) c;: 

2 3  A penetrating convective regime is modelled in laboratory con- 
ditions: for example, convection in a layer of water heated from 
below and kept at z e r o  temperature at the upper boundary. Here, 
an inversion forms inside the layer at 4 O C ;  this inversion separates 
the zones of stable and unstable stratification. 



Vlasyuk and Polezhayev have examined t h e  s t r u c t u r e s  and i n -  
t e n s i t i e s  of  p e n e t r a t i v e  c o n v e c t i o n  i n  s e v e r a l  models d i s t i n g u i s h e d  
by: t h e  o r i g i n a l  d e p t h  of the  u n s t a b l e  zone for t h e  i n i t i a l  p r o f i l e  
of  r a d i a t i v e  e q u i l i b r i u m ,  R a y l e i g h  number, t h e  l a w  of  v a r i a t i o n  i n  
v i s c o s i t y  with a l t i t u d e  and v e r t i c a l  s t r a t i f i c a t i o n  of d e n s i t y  
de te rmined  by  t h e  parameter o f  h y d r o s t a t i c  c o m p r e s s i b i l i t y  CF. T h e i r  
c a l c u l a t i o n s  were done on a Series-6 computer.  O f  c o u r s e ,  as was the 
c a s e  w i t h  t h e  model o f  c e l l u l a r  c o n v e c t i o n ,  t h e  r e s u l t s  o b t a i n e d  
w i t h  r e g a r d  t o  Venus a r e  rough estimates,  s i n c e  t h e  a c t u a l  range  /318 
of numbers Ra, C p  and K(h)  i s  n o t  model led.  A t  t h e  same t ime,  t h e y  
r e v e a l e d  a number o f  i n t e r e s t i n g  f e a t u r e s  o f  c u r r e n t  and heat  exchange 
i n  c o n d i t i o n s  m u c h . c l o s e r  t o  t h e  a c t u a l  c o n d i t i o n s  i n  t h e  p l a n e t a r y  
a tmosphere .  

O'fiIGINAL PAGE IS 
OF POOR QUALITY 

a b C 

F i g .  111. Flow l i n e s  i n  co d i t i o n s  of  p n e t r a t i v e  c o  v e c t i o n  

h - the  boundary between r e g i o n s  of  s t ab le  and u n s t a b l e  
s i r a t i f i c a t i o n ;  t h e  p l u s e s  and minuses i n d i c a t e  t h e  v a r i o u s  
d i r e c t i o n s  of mot ions ;  v e l o c i t i e s  are g i v e n  i n  u n i t s  of  
t h e  speed o f  sound al C351. 

O f  these f e a t u r e s ,  one s h o u l d  above a l l  n o t e  t h e  p o s s i b i l i t y  
t h a t  a m u l t i - s t a g e  s t r u c t u r e  of c u r r e n t s  can  form? so  t h a t  motions 
p e n e t r a t i n g  i n t o  t h e  s t a b l e  zone a re  b locked  by  se 1 f - induc  e d 'I 
secondary  motions i n  t h e  o p p o s i t e  d i r e c t i o n .  Fig-. 111 shows examples 
o f  such c a l c u l a t i n g  flow l i n e s  a t  R a y l e i g h  

s we see, t h e  weak secondary  motions 
numbers from 1 0  

less  t h a n  mot ions  i n  t h e  b a s i c  
n u c l e u s  o f  t h e  c o n v e c t i v e  c e l l )  a re  a l r e a d y  developed  a t  R a  = lo6; 
w i t h  f u r t h e r  i n c r e a s e s  i n  Ra number, h o r i z o n t a l  f r a c t i o n a t i o n  of  /319 
t he  c e l l s  and a n  i n c r e a s e  i n  t h e  number of stages a re  o b s e r v e d .  
The h o r i z o n t a l  s c a l e  o f  p e n e t r a t l v e  p e r i o d i c  mot ions  beyond t h e  
t h r e s h o l d  of s t a b i l i t y  becomes c l o s e  t o  h l .  

f o r  v a r i o u s  Ra*: a-Ran = log; b-Ra* = 1 0  7 ; c-Ra* = 1 0  t ; 

= 3 and t h e  o r i g i n a l  d e p t h  o f  t h e  un- 
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As Ra increases, the vertical temper- 
ature gradient and the adiabatic decreases. 
convective heat transfer increases simultaneously. This is easily 
seen from the calculations whose results are shown in Fig. 112 re- 
lative to the dimensionless temperature I :  L-.L> . The original 

Surface cooling due to 

a 

- 
. 1  t , 

b 

Fig. 112. Temperature 
change with altitude of 
the convective region (a) 
and surface temperature 
change (heat transfer) as 
Ra* changes ( b ) :  
1-tentative initial pro- 
file of radiative equil- 
brium; 
2-adiabat ; 
3 , 4 ,  and 5-successive 
temperature change at 
transit on in number 
from lo? to lO'T*h -region 
of instability; doEted- 
dashed line-region with 
inverse density variation. 

I ,  

model in this case differs f rom the p r e -  
viously-examined large depth of the un- 
stable zone (hl = 0.6hS), at an initial 
temperature profile in the lower layer 
of an atmosphere with a gradient ex- 
ceeding that of radiative equilibrium. 
The boundary conditions here come close 
to the probable lower boundary of the 
clouds (h = 30 km), so that convective 
motions are blocked artificially above 
and so that the processes in the stable 
zone are not modelled. The successive 
change in the altitude profiles of 
atmospheric temperature (Fig. 112a) and 
surface temperature (Fig. 112b) cor- 
respondstothe establishment of station- 
ary regimes at the indicated Ra values. 

The intensity of convective motions / 3 2 0  
in a model of penetrative convection can 
be approximated by an approximate 
dependence in a form corresponding to 
(v.85): 

i'h I - - F ( R a )  = b (Ra*)". (V.95) 

Fig .  113 gives t h i s  dependence in loga- 
rithmic coordinates. The upper and lower 
straight lines correspond to the pre- 
viously-described models with 
hi = 0.25h* and hl = 0.6h*. Correspond- 
ingly, in the first case b = 0.152 
and n = 0.52; and in the second case 
b = 0.155 and n - 0.54. As was expected, 
the intensity of convective motions is 
appreciably higher in the model with the 
smaller initial values of K(h) in the 
unstable region of the atmosphere. This 
is clearly seen in the comparison of 
the functions (V.95)  in Fig. 113. 

As with a model of cellular convection of limited depth, in 
order t o e t i m a t e  the range in which the actual values of v lie, one 
may substitute turbulent viscosity for molecular viscosity and assume 
VT = const. By using equations (V.89) and (V.90) and estimates of 

. 
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I f f  

the actual value of parameter K, it i s  not difficult to convince 
oneself that velocities in the nucleus of the convective region in 
the lower layer of the atmosphere are approximately within the same 
limits as in a cellular model and that they quickly weaken with 
altitude. It is also noteworthy that in a model of penetrative 
convection WithV = constant, there is less asymmetry observed in 
the rising and falling flows than is the case for a model with 
v # const: and that the depth of the adiabatic zone increases at 
the same Ra ( i , e . ,  the ratio h*/hl). 

These features of convection .-I 

g Rc 
7 -  - -  (as accurate as the models used) 

can have a number of important 
consequences concerning both the 

/ 

6 %  / c intensity of heat exchange and I d 

J 

I/ ' /' / , the structure of the clouds. Well- 
r / developed convection in the Earth's 

atmosphere is accompanied by the 
formation of dense clouds; it plays 
an especially important r o l e  in the 
formation of cumulus clouds. Their 
structure, including the possibility 
of breaks in the clouds. deeends on 

/ ' /  
/ 

/ 
/ 

Fig. 113. Change in the maximum 
intensity of vertical convective 
motions vs Rayleigh number 
Re = f(Ra*In. 
1-a model with motion artifi- 
cially cut off at h = 30 km; 
2-a model with penetrative mo- 
tions in the entire region at 
reduced relative depth of the 
atmosphere hl/h* C351. 

the relation between the hoGizontal 
and vertical heat fluxes, on the 
presence of a vertical wind shear, 
on the nature of the underlying sur- 
face, and on the flux of the mass 
in the lower layers and at the con- 
densation level (of cloud streams). 
On Venus, where the temperature 
field at the surface and in the / 321  
lower atmosphere is much more homo- 
geneous,  it is n o t  likely t h a t  
there are such breaks; however, they 

cannot be ruled out entirely. Since the clouds essentially scatter 
solar radiation, and since the intensity of atmospheric motions 
depends directly on the inflow of energy into the atmosphere, the 
interaction of these processes is of exceptional interest. Let u s  
note that in itself the possibility of breaks in the clouds could 
have great practical significance from the standpoint of relatively 
close-range observations of Venus (for example, from the orbit of 
an artificial satellite). 

Further improvement of convective models, especially in models 
of penetrative convection; t he  overcoming of computatlonal difficul- 
ties related to calculations of deep regions at high values of the 
compressibility parameter and Ra number; a more precise description 
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of  r a d i a t i v e  heat exchange -- a l l  these w i l l  a l l o w  u s  t o  u n d e r s t a n d  
b e t t e r  t h e  l o c a l  s t r u c t u r e s  of m e t e o r o l o g i c a l  e l e m e n t s ,  t h e  p h y s i c a l  
s t r u c t u r e  and mechanism of c l o u d  f o r m a t i o q a n d  t h e  f e a t u r e s  of  t h e  
thermal regime of the  Venus a tmosphere .  
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CHAPTER V I .  THE UPPER ATMOSPHERE / 3 2 2  -- 

V I . l .  Fundamental  D e f i n i t i o n s  

r 

I n  t h i s  c h a p t e r  we w i l l  examine t h o s e  r e g i o n s  i n  t h e  Venusian 
atmosphere above t h e  mesopause: t h e  thermosphere ,  where t h e  tem- 
p e r a t u r e  g r a d i e n t  i s  p o s i t i v e  and t h e  mean f r e e  p a t h  of  p a r t i c l e s  
X i s  l e s s  t h a n  t h e  s c a l e  h e i g h t  H;  and t h e  exos  here where t h e  tern- 

d i s p e r s a l  o f  atoms and molecules  i n t o  o u t e r  s p a c e  may o c c u r .  By 
" t h e  s t r u c t u r e  of the  upper  a tmosphere,"  we mean t h e  s p a t i a l  d i s -  
t r i b u t i o n  and t e m p o r a l  v a r i a t i o n s  o f  i t s  b a s i c  macroscopic  c h a r a c t e r -  
i s t i c s  -- t e m p e r a t u r e ,  p r e s s u r e ,  d e n s i t y ,  and p a r t i a l  c o n c e n t r a t i o n s  
o f  n e u t r a l  and i o n i z e d  components. 

p e r a t u r e  r e m a i n s  a p p r o x i m a t e l y  c o n s t a n t ,  where +> X H ,  and where t h e  

It s h o u l d  be n o t e d  t h a t  t h e  d i v i s i o n  of t h e  atmosphere i n t o  
"upper" and "lower" i s  i n  a c e r t a i n  s e n s e  t e n t a t i v e .  and t h a t  there  
i s  no s t r i c t  t e r m i n o l o g i c a l  d e f i n i t i o n  i n  t h i s  r e s p e c t .  I n  examining 
t h e  E a r t h ' s  a tmosphere,  w e  o f t e n  l i m i t  o u r  c o n c e p t i o n  of  t h e  lower 
atmosphere t o  t h e  r e g i o n  o f  t h e  t r o p o s p h e r e ;  a t  t h e  same t i m e ,  w e  
d e s i g n a t e  t h o s e  r e g i o n s  above t h e  t r o p o s p h e r e  a s  t h e  upper  a tmosphere 
( c f . , f o r  example [ 7 0 1 ) .  
d i s s o c i a t i o n  and i o n i z a t i o n  of a tmospher ic  Components p l a y  a 
s p e c i f i c  r o l e  even i n  the  s t r a t o s p h e r e  and mesosphere.  It i s  
n e c e s s a r y  t o  g i v e  a more s t r i c t  d e f i n i t i o n  o f  t h e  lower a tmosphere :  
t h o s e  a l t i t u d e  r e g i o n s  i n  t h e  p l a n e t ' s  gaseous  s h e l l  i n  which t h e  
c o n d i t i o n  of l o c a l  thermodynamic e q u i l i b r i u m  ( 1 . t . e . )  h o l d s  and ,  con- 
s e q u e n t l y , i n  which t h e  c o n c e p t i o n  o f  t e m p e r a t u r e  h o l d s  t r u e  f o r  any 
f i n i t e  volume. T h i s  means t h a t  t h e  p o p u l a t i o n s  of  r o t a t i o n a l  and 
v i b r a t i o n a l  l e v e l s  o f  a tmospher ic  molecules  a re  s u b j e c t  t o  a B o l t z -  /323 
mann d i s t r i b u t i o n .  D e v i a t i o n  from 1 . t . e .  c a n  be i m p o r t a n t  above 
t h e  l e v e l  where t h e  probability of spontaneous  e m i s s i o n  on a single 
molecule  e x c e e d s  t h e  r a t e  of c o l l i s i o n - c a u s e d  e x c i t a t i o n  and i s  
caused  b a s i c a l l y  by  t h e  d i s e q u i l i b r i u m  of i n c i d e n t  r a d i a t i o n  w i t h  
relation to the kine t . ic  parameters of the atmospheric gas. A t  these 
a l t i t u d e s ,  t h e  most i m p o r t a n t  photochemica l  p r o c e s s e s  are  p a r t i c u l a r l y  
e f f e c t i v e ,  and t h e  "non- insu la ted"  n a t u r e  of t h e  atmosphere a p p e a r s  
i n  i t s  f u l l e s t  e x t e n t ,  as a n  open, ra re f ied  gaseous  sys tem s u b j e c t e d  
t o  t h e  impact  of  shor twave  s o l a r  r a d i a t i o n .  

T h i s  no doubt o r g i n a t e s  i n  t h e  n o t i o n s  t h a t  

A s  a s t a r t i n g  p o i n t ,  l e t  u s  estimate the r e l a t i o n s  o f  t h e  pro- 
b a b i l i t y  of c o l l i s i o n s  w i t h  nearby  molecules  ( o r  t h e  t i m e  of v i b r a -  
t i o n a l  r e l a x a t i o n  n )  and t h e  p r o b a b i l i t y  o f  spontaneous  d e a c t i v a t i o n  
o f  t h e  l o w e s t  v i b r a t i o n a l  s t a t e  o f  a CO molecule  (which c o r r e s p o n d s  
t o  t he  fundamenta l  band a t  X = 15 pm w i z h  a r a d i a t i o n a l  l i f e - t i m e  of  
t h e  v i b r a t i o n a l  s t a t e  qr = 0 . 4  s e c ) ;  a l e v e l  where the  freq ency 
c o l l i s i o n s  p r o v i d i n g  impact  d e a c t l v a t l o n  does  no t  exceed loy sec 
c o r r e s p o n d s  t o  t h i s  t r a  s i t i o n  r e g i o n .  T h i s  a p p r o x i m a t e l y  c o r r e s p o n d s  
t o  a p r e s s u r e  P = 5*lO-' mbar f o r  t h e  a tmospheres  of  E a r t h ,  Venus 
and Mars C351.3. S i n c e  t h e  s o l a r  energy  absorbed  above t h e  t r a n s i t i o n  

-Pf 
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l e v e l  can be  removed o n l y  by heat c o n d u c t i v i t y  o r  massive downward 
t r a n s f e r ,  t h e  r e g i o n  o f  minimum t e m p e r a t u r e  i n  t h e  a tmosphere ,  
a r e g i o n  d e f i n e d  i n  t h e  c a s e  o f  t h e  E a r t h  as  t h e  mesopause,  s h o u l d  
be l o c a t e d  n e a r  t h i s  l e v e l .  

It i s  n e c e s s a r y  t o  keep i n  mind t h a t  a t t a i n i n g  t h e  c o n d i t i o n  
Q/Qr 2 1 d o e s  s t i l l  n o t  mean t h a t  d e v i a t i o n  from 1 . t . e .  has begun. 
Corresponding  e s t i m a t e s  a r e  g i v e n  i n  12353.  I f  @ and @* a re  t h e  
s o u r c e  f u n c t i o n s  i n  c o n d i t i o n s  of  1 . t . e .  and i n  d e v i a t i o n s  from i t ,  
t h e n  t h e  c o n n e c t i o n  between t h e  two i s  g i v e n  by t h e  r e l a t i o n  

(VI.1) 

I !'{7\ 

[ i l  I (  , . , e  

where (1 )  -- I'' i s  t h e  Planck  f u n c t i o n  i n  t h e  c e n t e r  of  t h e  1 5 -  
micron band a t  t e m p e r a t u r e s  o f  t h e  upper  l e v e l  of t h e  c l o u d s  Tc and 
t h e  a tmosphere T ;  Bo i s  the parameter  of  l i n e  s t r u c t u r e  i n  t h e  Cur t i s - /324  
Godson a p p r o x i m a t i o n  

I' , l i )  - I' ( t  I) p-" ' I ;  

A,. 
i - t h  band, yo i s  t h e  mean w i d t h  of  t h e  r o t a t i o n a l  l i n e  p e r  u n i t  pres-  
s u r e ,  and d i s  t h e  mean i n t e r v a l  between l i n e s .  

Es t imates  show t h a t  t h e  v a l u e  of  ' 8  in ( V I . l )  i s  on t h e  
order of 0 ( 1 0 - 4 )  for Venus and Mars; hence, i t  f o l l o w s  that deviation 
f rom 1 . t . e .  i s  i n s i g n i f i c a n t  a t  a l t i t u d e s  where c o l l i s i o n - c a u s e d  
f a d i n g  predominates  o v e r  t h e  Doppler  s p r e a d  of t h e  s p e c t r a l  l i n e .  
Q u e s t i o n s  of  r a d i a t i v e  hea t  exchange i n  t h e s e  c o n d i t i o n s  a re  examined 
i n  d e t a i l  i n  C258, 3113. 

i s  t h e  parameter of  band w i d t h  [289],  Si i s  t h e  i n t e n s i t y  of  t h e  

- _  

I -  

I Another i m p o r t a n t  f e a t u r e  t h a t  d i s t i n g u i s h e s  t h e  lower  atmos- 
phere  from t h e  upper  a tmosphere  i s  t h a t  t h e  lower atmosphere i s  wel l  
mixed. T h i s  means t ha t  t h e  r e l a t i v e  c o n c e n t r a t i o n s  o f  components 
n o t  undergoing  phase t r a n s i t i o n s  remain t h e  same a t  a l l  l e v e l s ,  wh i l e  
p h o t o d i s s o c i a t i o n  and p h o t o i o n i z a t i o n  c a n  b e  d i s r e g a r d e d  -- t h a n k s  
t o  t h e  h i g h  e f f i c i e n c y  o f  r e c o m b i n a t i o n  p r o c e s s e s .  V e r t i c a l  p r e s s u r e  
d i s t r i b u t i o n  I n  t h i s  c a s e  d e t e r m i n e s  a l t i t u d e  p r o f i l e s  o f  t e m p e r a t u r e  
and c o n c e n t r a t i o n s .  If  d i f f u s i o n  predominates  o v e r  mixing and v io -  
l a t e s  t h e  cons tancy  o f  r e l a t i o n s  among components, t h e n  such  a pos- 
s i b i l i t y  i s  r u l e d  o u t .  For the atmosphere,  D a l t o n ' s  law h o l d  t r u e ,  
as b e f o r e ;  however, e a c h  component i s  d i s t r i b u t e d  i n  t h e  g r a v i t a t i o n a l  
f i e l d  wi th  s c a l e  h e i g h t  c o r r e s p o n d i n g  t o  i t s  m o l e c u l a r  ( a tomic )  weight.  
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As far as composition is concerned, therefore, it is convenient 
to divide the planetary atmosphere into two regions: the homosphere 
and the heterosphere. In the homosphere, the processes of intense 
turbulent mixing play the deciding role, and the mean molecular 
weight remains practically constant. In the heterosphere, there is /325 
a diffusion-gravitation separation of gases, and the mean molecular 
weight decreases with altitude. The transition region where complete 
mixing gives way to diffused separation of gases in the gravity 
field is located near the base of the thermosphere and is defined 
as the turbopause. 

The estimate of pressure ak the level of Venus's occultation 
of Regulus PR = (2.6 + 0.13)-10 
order of magnitude closer to the value of pressure near the turbo- 
pause of the Earth's atmosphere. If one starts with the notion 
that on Venus the turbopause is about on the same level as on the 
Earth (10-20 km), then the characteristics of the upper atmosphere 
(to be discussed below) refer to the planet's heterosphere. 

The distinguishing features of the upper atmosphere as a gaseous 
medium at the altitudes of the heterosphere are: its many components 
and the direct impact of radiation factors with simultaneous chemical 
transformations of various kinds in conjunction with the processes 
of heat and mass exchange. Under the impact of intensive solar 
electromagnetic radiation, the decisive factors in this region are 
the photochemical processes -- photoionization, photodissociation, 
the excitation of internal degrees of freedom of atoms and molecules 
(including electron levels), all accompanied by the reverse reactions 
of association of atoms into molecules, the recombination of ions, 
spontaneous emission of photons, and impact deactivization. The 
properties of gas are formed in the gravitational and magnetic 
fields: in the process, diffusion and heat transfer (basically, 
by heat conductivity and to a lesser degree,by emission) play an 
important role, depending on the effectiveness of transfer c o e f -  
ficients at various levels. The temperature, concentration, and 
pressure gradients that arise result in the development of macro- 
motions, whose character remains turbulent near the bottom of the 
thermosphere. 

kg/cm2 (cf. Sectior, IV.6) is an 

Solar corpuscular radiation, whose importance depends on 
whether the planet has its own regular magnetic field, can also 
have a definite impact on the structure and dynamics of the thermo- 
sphere. Additional energy sources, such as tidal oscillations 
and energy dissipation of magnetohydrodynamic and inner gravita- / 326  
tional (infrasonic) waves (by analogy with Earth, the fading of 
these waves occurs in the lower thermosphere) can also play a 
definite role in the formation of the thermal regime of the upper 
atmosphere. 

A theoretical analysis of the structure and dynamics of the 
upper atmosphere is an extremely complex task. The equations 
suitable to describe the physical and chemical processes in the 
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heterosphere should take account of the interrelations and inter- 
actions of numerous processes and phenomena. It is reasonable to 
expect that the most comprehensive and rigorous research can be 
done within the framework of known methods of the kinetic theory 
of gases, specifically by starting with a Boltzmann equation whose 
right-hand side contains integrals of collisions and integrals of 
reactions [17, 42, 1683. Ivanovskiy et al. have used this approach 
iEtheir works [59-613, where, in order to solve a system of kinetic 
equations with a selected and specified complex of reactions, Gred's 
method of a 13-moment approximation was used [49]. However, the 
simplifications introduced while resolving specific problems sub- 
stantially reduce the advantages of these equations. At the same 
time, as far as macroscopic properties are concerned, the upper 
atmosphere may be viewed as a continuous medium (at least to alti- 
tudes where A I  H), and, in order to describe it properly, one may 
use generalized equations of multi-component radiative hydrodynamics. 
The kinetic equation is reduced to these equations if several add- 
itional assumptions are made. The generalized hydrodynamic equations 
for the upper atmosphere can also be formulated "phenomenologically", 
by using the methods of the thermodynamics of irreversible processes. 
However, in order to obtain transfer coefficients, this case requires 
t h e  i n t r o d u c t i o n  o f  t h e  f i n d i n g s  of kinetic t h e o r y ,  including t h e  
theory of potentials. /327  

the mathematical structure of equations of multi-component radiative 
hydrodynamics, transfer coefficients, several assumptions introduced 
to simplify the original system, and initial and boundary conditions 
as well. They have developed a generalized method of analysis, which 
i s  well suited to describe the structure of the neutral atmosphere 
and ionosphere of the planet, and which includes recently-developed 
limited model approaches within the framework of assigning an original 
distribution of basic components o r  temperature vs altitude. 

One feature of the method, whichislllustrated in [ 9 7 ,  4111 b y  
examples of the formulation of problems f o r  the thermospheres of 
Earth and Venus, is the attempt to calculate the heat of reactions 
for a specific set of photochemical transformations directly within 
the structure of the energy equation. This method makes possible 
a better understanding of the physical nature of the planet's thermo- 
sphere. Unfortunately, however, it is linked to significant dif- 
ficulties in computation, which of course limits its practical 
application. 

I 
The works of Marov and Kolesnichenko [96, 98, 1013 have analyzed 

VI.2. The Neutral Upper Atmosphere and Ionosphere of Venus. 

Ground-based observations. Before the beginning of space flight, 
there was very little information about thc upper atmosphere of Venus. 
Several estimates had been based on the knc n analogy with the Earth's 
atmosphere. Calculations of exosperic temperature as 2 function of 
C 0 2  content (1% or 100%) had led to values of 3000OK to ' T O O K ,  

Y 
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r e s p e c t i v e l y  C4931. Ground-based o b s e r v a t i o n s  had enabled  t h e  d i s -  
covery  o f  t h e  luminescence  o f  t h e  n i g h t  s ide o f  Venus, and s p e c t r a l  
and p h o t o m e t r i c  measurements had been made i n  o r d e r  t o  e x p l a i n  t h e  
reddish-brown "ashen l i g h t " ,  which was well-known even from v i s u a l  
o b s e r v a t i o n s  [120, 1721.  It i s  i m p o s s i b l e  t o  r u l e  o u t  t h e  p o s s i b i l i t y  
t h a t  t h i s  luminescence  i s  re la ted t o  t h e  p e c u l i a r i t i e s  o f  observa-  
t i o n s  n e a r  i n f e r i o r  c o n j u n c t i o n ,  s p e c i f i c a l l y ,  t o  t h e  "horn-lengthen-  
i n g "  e f f ec t  C2881. I f  i t  i s  t r u l y  connec ted  t o  t h e  n i g h t  s i d e  of 
t h e  p l a n e t ,  i t  may be caused by  v e r y  weak e m i s s i o n s  o f  t h e  n i g h t  
sky o r  by s t r o n g e r  e m i s s i o n s  e x c i t e d  d u r i n g  a u r o r a e  p o l a r i s .  

It s h o u l d  be  emphasized t h a t  t h e  i d e n t i f i c a t i o n  of  i n d i v i d u a l  
l i n e s  and bands i s  a v e r y  complex problem, even i n  o b s e r v a t i o n s  of  
e m i s s i o n s  o f  t h e  E a r t h ' s  a tmosphere.  The p r o g r e s s  i n  t h i s  r e s p e c t  /328 
d u r i n g  the l a s t  10-15 y e a r s  has been a c h i e v e d  p r i m a r i l y  by sub- 
s t a n t i a l  p r o g r e s s  i n  technology,  i n  p a r t i c u l a r ,  t h e  u s e  of  an  i n t e r -  
f e r o m e t e r  t o  i d e n t i f y  emiss ion  l i n e s .  The problem i s  s i m p l i f i e d  
when i d e n t i f y i n g  bands ,  t h a n k s  t o  t h e  p o s s i b i l i t y  o f  o b t a i n i n g  t h e  
r e l a t i o n  of i n t e n s i t i e s  and t h e  p o s s i b i l i t y  of s o r t i n g  o u t  i n d i v i d u a l .  
l i n e s  i n  a sys tem of bands;  even h e r e ,  however, f a c t o r s  such  as 
a t m o s p h e r i c  a b s o r p t i o n ,  t h e  background of t h e  s t a r s ,  and t h e  zodiacal .  
l i g h t  w i th  super-imposed Fraunhofer  l i n e s  i n f l u e n c e  t h e  r e l i a b i l i t y  
of i d e n t i f i c a t i o n  [13]. N a t u r a l l y ,  these d i f f i c u l t i e s  are  magni f ied  
i n  o b s e r v i n g  t h e  e m i s s i o n  s p e c t r a  of  o t h e r  p l a n e t s .  Yet eveE t h e s e  
o b s e r v a t i o n s  a r e  v e r y  v a l u a b l e  t o  an  u n d e r s t a n d i n g  of t h e  p h y s i c s  
of the  p l a n e t a r y  upper  a tmosphere and t h e  mechanisms of  t h e  phenomena 
o c c u r r i n g  t h e r e i n .  

TABLE 23. MEASUREMENTS OF THE INTENSITY OF LUMINESCENCE OF THE 
VENUSIAN N I G H T  SIDE 
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Kozyrev's spectral observations [ 6 8 ]  on the 122-cm telescope 
at the Crimea astrophysical observatory revealed several emission 
bands and gave an upper estimate of the luminescence intensity of 
Venus's night limb in the dark-blue region of the spectrum. As 
for the intensi y of luminescence on the pla et's day side, it turned 

to a limiting brightness of about 20 kR; according to Kozyrev's 
estimates, the intensity of emission bands was about 20% of the 
Fraunhofer continuum. These threshold values of  the nightside 
brightness are in good agreement with the data of Newkirk C4371 and 
Weinberg and Newkirk [542 ] ,  who used a coronagraph with a reso- 
lution up to 16 8 to make measurements at the high-altitude observa- 
tory of the University of Colorado. The first of these measurements 
revealed hat Kozyrev had noted: the mission bands at = 4415 8 
and 4435 1 and a new band at X = 4505 f; however, these were not 
confirmed by subsequent measurements. 

out to be 2.10- 6 at a band width up to 12.5 1 . This corresponds 

Goody and McCord later used interference filters at the 
5-meter telescope at Mount Palomar to make photometric measurements 
of the night disk of Venus [323]. Table 23 gives their results. 
The measurements cover the entire visible spectrum from 0.4 um to 
0 . 8  urn at nearly gqual intervals corresponding to the width of the 
filter A A  = 200 A. The intensity of the luminescence of the day 
side in the indicated spectral intervals is used as reference 
points. In the extreme right-hand column are the upper limits of /329 
the luminescence of the Venusian night atmosphere at the zenith; 
these levels correspond to the noise detection threshold (including 
corrections f o r  the size o f  the a i r  mass in the center of the 
aperture m = 3.6). As we see, the upper limits of the intensity 
of emission lie basically within the range of values f r o m  60 to 
200 kR. If the limiting value obtained f o r  the emission is ad- 
justed to the entire ontinuum 0.4-0.8 pm, the mean value of the 
brightness is 0.5 kR/! (more than four orders of magnitude less 

!?Eg kR/a). 
I the typical brightness of the daytime sky on the Earth: 

These measurements rule out the possibility that there are 
very bright aurorae polaris (class IV), at least during the period- 

be higherthan 1000 kR. 
stantially higher than the typical values of characteristic inten- / 3 3 0  
sities of the luminescence of the night sky on Earth (-0.2 kR 
for 0 I 5577 8 ,  near 2 kR f o r  red bands o f  the hydroxyl group and 
others) and slightly higher than even the brightes lines in the 
spectrum of daytime luminescence (e.g., 0 I 6300 k and Na 5893 8 ,  
which have a maximum brightness of about 50 kR). This prevents us 
from using these data as a basis for determining the chemistry 
of the upper atmosphere and the features of the aeronomic processes. 

. when the observations were , since the intensity of lumin- 
escence in lines b I (5577 Nt (3914 8 )  would in this case 

Unfortunatefy, the noise threshold is sub- 

c 

f 

c 
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The spectrophotometric rocket measurements of Moos et al. 
E4301 are of importance for the identification of luminescence in 
the region of the oxygen resonance triplet 0 I. These authors have 
discovered a bright emission near 1300 1 (of estimated int nsity 

Sub- 
sequent experiments of the same sort by Moos and Rottman [431] 
have confirmed this result. In the spectrum between 1200-1900 R ,  
still brighter oxygen emissions over the lighted part of the disk 
were discovered; these emissions are identifiable with the triplet 
0 I A X  1 02-1 04 8 (abo t 5.7 kR) and the forbidden line of the 
doublet g S  - 3P X 1356 1 (about 3 k R ) .  
ance hydrogen emission in the Lyman -alpha line (La) was measured 
at 24 kR. These findings make it possible to estimate 0 and H 
content in the upper atmosphere. 

about 3 kR) in the Venusian spectrum between 1200 and 1800 1 . 

The intensity of the reson- 

The probable sources of oxyzen emissions are resonance scatter- 
ing of solar photons on 0 atoms, the imgact excitation of 0 atoms by 
electrons in the case of A = 1302-1304 A ,  and dissociative excitation 
of CO together with impact excitation of 0 by electrons for 
A = $356 8 C5211. Of the other distinctive features of Venus emis- 
sions, one of the most interesting is the identification of the 
weak emission found by Kozyrev with the bands excited during proton 
bombardment of C 0 2  molecules C1311. 

structure of the Venusian ionosphere. Since Venus is so close to 
the Sun, the ionosphere was assumed to be much more dense than the 
Earth's ionosphere, with Ne = l o 7  cm-3. 
radio brightness temperature of Venus inspired a hypothetical iono- 
spheric model C3661 with a maximum concentration of electrons up to 
l o 9  cm-3, i.e., about three orde r s  
density in the F layer of the Earth's ionosphere. To be sure, it 
was doubtful whezher there were such  electron concentrations in the 
Venusian atmosphere, since it would have to be assumed in this 
case t h a t  t he re  is a very p o w e r f u l  source of ionization w i t h  a 
simultaneous small coefficient of recombination. Furthermore, given 
reasonable assumptions about the vertical structure of the profile 
Ne, the ionospheric model was not compatible with the results of passage of radar pulses, since it had not been observed that the 
radar reflection coefficient was dependent on wavelength [538]. 
Nevertheless, the hypothesis that, there I s  such an ionosphere on 
Venus has been widely discussed in scientific literature, and, in 
order to overcome these difficulties, various models, including a 
"perforated" ionosphere consisting of individual ionized clouds 
and a "semi-transparent" ionosphere with a variable optical depth 
f o r  various radio wavelength ranges, have been proposed (cf. C5561). 
Electron dens ies in thes various ionospheric models have differed 
from about IOi6 to 107 cm-3. - 

Until recently, there has been no conclusive evidence about the 

The discovery of a high 

of magnitude larger than electron 
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Measurements from spacecraft. The Venera-4 and Mariner-5 
measurements have contributed greatly to available experimental 
data on the Venusian atmosphere at high altitudes and on its inter- 
action with surrounding space. Their findings were obtained at a 
time when the level of solar activity, which is characterized by 
the flux of solar gscimetsic radio emission,was measured on Earth 
at F =I 130*10' w'm- Hz-l, which corresponds approximately 
to t?ie'&ean value of this index in the 11-year solar cycle. 

Unfortunately, the methods used by Venera-4 and Mariner-5 
were unable to determine altitude profiles of the parameters of the 
neutral atmosphere of Venus above the Regulus occultation level. At the 
same time, measurements of the ultraviolet luminescence in the atmos- /33; 
phere, luminescence caused by the resonance scattering of solar radia- 
tion in. pectral intervals including the hydrogen emission line 
La 1216 1 and the oxygen emission triplet 0 I X 1302, 1304, and 
1305 8 ,  yielded specific information about the hydrogen and atomic 
oxygen content in the planet's upper atmosphere. 

It turned out that the extent of the hydrogen corona in the 
daytime hemisphere is greater than in the nighttimhemisphere, which 
could be the result of the lower atmospheric temperature on the 
n i g h t  s ide  of Venus. According to the data  of Kurt et al. [ 8 9 ,  3951 
and Barth et al. [198-200], the concentration of atomic hydrogen 
in the nighttime atmosphere at a distance of a out 10,000 km is 
estimated to be on the order of 50 and 200 cm-', respectively; 
this is much lower  than H c nten at the same altitudes in the 
Earth's atmosphere (103-10-e ern-%, depending on the phase of the 
solar cycle). It is interesting to note that maintaining such a 
hydrogen concentration in the Venusian atmosphere could be due to 
H20 and H C 1  dissociation at H20 and HC1 contents (at the level of 
the visible clouds) corresponding to the results of spectroscopic 
measurements (cf. Table 11). Fig. 114 shows this change in the con- 
tent of neutral hydrogen with altitude in the Venusian exosphere on 
the night side according to C3951. 

According to Mariner-5 data (Fig. 1151, the intensity of 
luminescence in La 
neared from altitudes 3000 km t o  450 km ; this corresponds to a 
decrease in scale height of about 
two times. Attempts to explain this fact encounter some difficulties 
since these attempts requ-the assumption that the exospheric tem- 
perature decreases or that p increases. 
during recombination of hydrogen atoms accompanying the reaction 
of their photodissociation excitation 

on the day side grew rapidly as the planet was 

/333 
The emission mechanism 

(VI.2) 

results in an overly high recombination rate or in an unrealistically 
high concffitrat on of molecular hydrogen in the Venusian exosphere 
(about 10 cm-j at h = 450 km). Barth C1991 has suggested a 
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Fig. 114. Concentration of 
neutral hydrogen vs  alti- 
tude according to Venera-4 
measurements C3953. 

two-temperature atmospheric model on the 
day side; however, it is difficult to 
interpret this model as far as the thermal 
regime of the exosphere is concerned. 
Nor is a model of resonance scattering 
of solar radiation by hydrogen atoms 
any better in this regard: 

/:; 3 4 In this case the rather contrived -- 
assumption has been made [ 2 0 1 ]  that Gne 
of the atoms produced by dissociation 
in reaction (VI.2) with excess (epi- 
thermal) energy is responsible for the 
most intense component of the scattered 
radiation, while the other (heat) is 
responsible for the less intense com- 
ponent, which reflects the actual value 
of exospheric temperature. 

A more original hypothesis explains 
the observed features of La emission as 

Fig. 115. The intensity of La emission vs altitude according 
to the measurements of Mariner-5 (according to C1981).  
1-the total intensity; 2-the calculated profile of emission 
contributed by atomic hydrogen; 3-the same for molecular 
hydrogen at T, = 65O0K; 
resonance solar L radiation; 5-H2 density from a calcula- 
tion of the cornpofient of emission during H2 photodissociation. 
The vertical straight line is the level of the galactic 
background. 

4-density H from a calculation of 
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the result of a predominant deuterium content at the base of the 
hydrogen corona in accordance with the mechanism of resonance 
scattering: 

(VI.4) I J  ('2) - 1  111 3 IJ (-1') - I) ( I > )  -,- Ll2lli .I. 

This hypothesis has been discussed in detail by Barth et al. [199, 
2001, Donahue [280, 2811, and McElroy and Hunten [424]. It is 
necessary in this case to assume that at an altitude o abo t 500 km 
the content of  deuterium atoms is on the order of 6-10' cm-y while 
the content of hydrogen atoms at the same time is about 5.103 cm-3. 
At the same time, nD/n 
appears to be an exceppionally high deuterium concentration at 
h 
be explained by fractionation of H and D during thermal dissipation 
of hydrogen above the turbopause. Clearly, the ratio of fluxes of 
hydrogen and deuterium dissipatim should correspond to the rate 
at which H and D form due to photolysis. At the base of the Earth's 
heterosphere, nD/nH - 10- . In onahue's estimates [280] ,  it is 
sufficient to have nD/n - 5.10-I in the region of mixing in order 
to obtain a ratio of nDrnH - 10 at the critical level with 
Tm = 700°K. If diffusion is taken into account at the same time, 
as was done by McElroy and Hunten [4241, it is necessary to in- 
crease this estimate b y  more than three orders of magnitude. This 
compels the assumption that there is much more deuterium in the 
lower atmosphere of Venus than there is in the Earth's atmosphere: 
nD/nH E 0.1. 

It is only natural to compare Earth's measurements with the 
rocket measurements [ 4 3 0 ,  4313. As it turns out, during the Mariner-5 
experiment and later, the intensity of atmospheric lu inescence in 
L, (according to rocket-based data) remained practically the same, 
about 24 kR. This value is compatible with the Mariner-5 results /335 
only if a hydrogen component alone contributes to the measured 
luminescence. The deuterium hypothesis if accepted, would increase 
the intensity of emission by almost f o u r  times (to 90 kR, [281]). 
This would of course make it much less likely that the Venusian 
atmosphere has a large deuterium concentration, but at the same time 
it leaves open the question about the causes of the change of signal 
in L , the change which is shown in Fig. 115 and which has iven rise 

= 1 near 3000 km. What at first glance 

500 km in the Venusian atmosphere (n,/n, = 10) could in principle 

4 

to tge previously-examined assumptions needed to explain it Q . 
By starting with the notion that two predominant components 

( H  o r  H 2 >  may cause atmospheric luminescence in La, and by using 
Chamberlain's theory [237] to describe the nature of particle 

The measurements of Broadfoot e t  a l .  C5701 on Mariner-10 d i d  not 
reveal a similar altitude profile of Lyman-alpha emission. The 
deuterium hypothesis in accord with mechanism (VI.4) was not thereby 
confirmed experimentally. 
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d i s t r i b u t i o n  i n  t h e  p l a n e t ' s  exosphe re ,  B a r t h  E1991 has  o b t a i n e d  - estimates of the mean exosphe r i c  t e m p e r a t u r e  o f  Venus T,. A s  i s  
seen  i n  F i g .  115,  i t  may be assumed t h a t  a tomic  hydrogen predominates  
a t  g r e a t  d i s t a n c e s .  I n  t h i s  c a s e  t h e  t e m p e r a t u r e  Is  T, = 6 7 0 O K .  
C l o s e r  t o  t h e  p l a n e t ,  where t h e  s c a l e  h e i g h t  d e c r e a s e s  b y  about  two 
times, n e a r l y  t h e  same t e m p e r a t u r e  i s  o b t a i n e d  Tm = 650 2 50°K, 
assuming t h a t  t h e  molecu la r  component i s  predominant .  B u t  tempera- 
t u r e  estimates f o r  r e g i o n s  c l o s e r  t o  t h e  p l a n e t  encoun te r  t h e  same 
d i f f i c u l t i e s ,  t h o s e  mentioned p r e v i o u s l y  w i t h  regard t o  t h e  i d e n t i -  
f i c a t i o n  of  t h e  p r o b a b l e  mechanism of emis s ion .  A low-temperature  
model: Tw -u 375°K -- i t s e l f  meet:; w i t h  s i z e a b l e  d i f f i c u l t i e s ,  i f  it 
i s  presumed t h a t  a tomic  hydrogen p l a y s  t h e  dominant r o l e  ( c f .  [ 4 2 5 ,  
5403). A t e m p e r a t u r e  o f  about  650°K i s  suppor t ed  b y  o t h e r ,  inde-  
pendent  estimates,  i n  p a r t i c u l a r ,  b y  t h e o r e t i c a l  c a l c u l a t i o n s  of 
i o n o s p h e r i c  models co r re spond ing  t o  measured p r o f i l e s  Ne(h ) .  

According t o  Kurt e t  a l .  C89, 3953, the  l i m i t i n g  c o n t e n t  of 
a tomic  hydrogen i n  t h e  V n u s i  n n i g h t  a tmosphere ( a d j u s t e d  t o  l e v e l  
h = 300 km) i s  
abou t  t h e  same r e s u l t  ( w i t h  a d e v i a t i o n  i n  estimates of n ( 0 )  con- /336 
c e n t r a t i o n  w i t h i n  an  o r d e r  of magnitude,  which does  n o t  fundamenta l ly  
change t h e  f o l l o w i n g  c o n c l u s i o n s )  f o r  t h e  n i g h t  and day s i d e  o f  t h e  
p l a n e t .  Compared t o  0 co  t e n t  a t  t h e  same a l t i t  de i n  t h e  E a r t h ' s  
thermosphere  ( n  = 1 0  8 ern-'), these v a l u e s  a r e  10' times smaller on 
t h e  a v e r a g e ,  i . e . ,  a tomic  oxygen shou ld  b e  an  ex t remely  small ad- 
m i x t u r e .  

n < 2.10' cm-?. Ba r th  e t  a l .  [198] have o b t a i n e d  
- 

A s  w e  have seen ,  these f i n d l n g s  a r e  no t  compa t ib l e  w i t h  t h e  
rocke t -based  measurements o f  Moos e t  a l .  [430,431].  The upper  1 i m ; j t  
of  n ( 0 )  co r re spond ing  t o  t h e  measured i n t e n s i t y  o f  t h e  0 I A 1304 A 
e m i s s i o n  i s ,  a c c o r d i n g  t o  Stewart; [5193 ( s i c )  and Thomas [5231, c l o s e  
t o  t h e  c o n t e n t  of  a tomic  oxygen i n  t h e  atmosphere of Mars, i.e., 
a f e w  p e r c e n t .  S t r i c k l a n d  E5211 has  ve ry  r e c e n t l y  concluded t h a t  
t h e  UPYEP li i t  o f  t h e  c o n t e n t  of 0 atoms on the l i n e  of sight 
( - 7 - 1 0  cm-') r e c o r d e d  by Venera-4 g ives  t o o  low an estimate f o r  
t h e  thermosphere of Venus i n  t h e  r e g i o n  300-350 km; and he has 
the reby  g i v e n  s u b s t a n t i a l  s u p p o r t t o  t h e  findings of  S t e w a r t  and Thomas. 
The r e a s o n  f o r  each  u n d e r e s t i m a t i o n  i s  t h e  a i l u r e  t o  c a l c u l a t e  
i n t e n s e  a t t e n u a t i o n  of photons  a t  h = 1304 and a t  la rge  z e n i t h  
a n g l e s  of  t h e  Sun e (on  Venera-4 expe r imen t ,  a n  a n g l e  e E 107' 
a long t h e  l i n e  o f  s i g h t  a t  an a l t i t u d e  o f  shade of 300 f 1 0 0  km). 
According t o  S t r i c k l a n d ' s  model e s t i m a t e s ,  n e a r l y  t o t a l  a t t e n u a t i o n  
a l o n g  t h e  l i n e  of  s i g h t  a t  h = 1304 8 o c c u r s  above 500 km, while 
below 400 km i t  i s  e n t i r e l y  due t o  C02 a b s o r p t i o n .  
r e g a r d l e s s  of  t h e  d i s t r i b u t i o n  of  a tomic  oxygen, the  i n t e n s i t y  
of  a tmospher ic  luminescence a t  e =: 107' w i l l  b e  below t h e  l e v e l  o f  
d e t e c t i o n .  F ig .  1 1 6  shows t h e  t h  o r e t l c a l  c u r v e s  of volume r a t e  

s o l a r  r a d i a t i o n  a t  
v a r i o u s _ O .  They g i v e  reason t o  assume that estimates of n ( 0 )  i n  
[89, 3951 should  b e  i n c r e a s e d  by f a c t o r s  of t h r e e  or f o u r ,  which 

T h e r e f o r e ,  

of photon g e n e r a t i o n  a t  A = 1304 8 caused  b y  
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would allow them to be reconciled with the data of Moos et al. 
C430, 4311*. 

Nevertheless, in this case, the chemical composition of the 
Venusian thermosphere is significantly different from the Earth's 
thermosphere, where atomic oxygen is the basic component near 

the need to explain the features of photochemistry on Venus 
(cf. Section VI. 3). 

200-300 km. Thus, complex questions remain, questions related to /337 1. 

The flights of spacecraft have allowed substantial progress 
to be made in our understanding of the structure of the Venusian 
ionosphere, Our most comprehensive data are on the altitude dis- 
tribution and concentration of charged particles on the day and 
night sides of the planet; these data come f r o m  the radio occulta- 
tion experiments on Mariner-5 [304,  4083 and Mariner-10 [577]. 

The Mariner-? dual frequency experiment obtained an obvious 
difference between electron content in the day and night hemispheres 
(Fig. 117>, a fact that indicates that ionization distribution on 
Venus is not spherically symmetrical [ 4 0 8 ] .  The nighttime iono- 
sphere extrends to altitudes of n o t  l e s s  than 3 5 0 0  km, whereas 
the daytime ionosphere abruptly terminates near h - 500 km 
The fundamental layers of the Venusian ionosphere are thinner than 
those of Earth. The maximum electron density on the day side is 
about two orders of magnitude greater than on the night side. 
Electron density reaches its max mum on the d y side at an altitude 
of h = 142 km, at Nemax = 5.5-10 electron/cm . Mariner-10 obtained 
a similar value: N,,ax = 3.105 electron/cm3 at h = 145 km. 
obtained at the same time data on the distribution of daytime ionl- 
zation a t  altitudes of 200-250 km; the Mariner-5 had been unsuccess- 
ful in this. 

!! 3 
It 

According to o u r  most up-to-date conceptions, which a r e  based 
on measurements of the fluctuations of the magnetic field and plasma 
in circumplanetary space (cf. [52, 226]), the sharp drop (about 
three orders of magnitude) in concentration from the day side at 
the level % 5 O O  km3 results from the interaction between the planet's 
ionosphere and the solar wind plasma (cf. Section VI.3). The pro- 
files of the nighttime ionosphere can also be explained by the solar 
plasma surrounding Venus and by the formation of a "plasma tail" on 
the night side of the planet. A comparison of the measured profile 
Ne(h) on the night side with the slopes of line segments corresponding 

The measur ments of Broadfoot et al. [5701 have shown that emission 
at A = 1304 H is about twice as high as the intensity mea ured by 
Moos and Rottman. 
to which m(He - 105 
C A 1657 8 with an intensity of ~ 1 0  times greater than that in 
estimate C4271. 
3According to Mariner-10 measurements, the ionopause extends to an 
altitude of 530 km C5771. 

2 

A l s o  recorded were emissions He A 584 4 ( % 6 0 0 R ) ,  
a t  h = 200 km) can correspond, as 
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Fig. 116. Theoretical curves 
of volume rate f photon genera- 
tion at X 1304 w and T = 700°K 
for arious 8 ,  S(h) photon-cm-3 
sec-' C5211. 
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Fig. 117. Profiles of electron 
concentration on the night and 
day sides of Venus according to 
Mariner-5 measurements [ 4 0 8 ]  
(frequencies f2 
line segments 
for various ion components and 
plasma temperature T . The 
dashed line on the dgytime 
profile Ne(h) is the prelimin- 
ary interpretatfon of the data. 
Fig. 118 shows the character- 
istics of Ne(h) near the max- 
imum in more detail. 

to scale heights H f o r  various 
ions at a plasma tgmperature T 
(Fig. 117) allows us to estimate 
a probable altitude distribution 
of ion concentration. 

-- /339 

The region of the nighttime 
ionosphere near the ionization 
maximum was studied by approxima- 
ting the Mariner-5 attenuation 
measurements at frequency 
f2 ( A  = 0 . 7  urn) with a simple 
Chapman layer and by varying f o u r  
free parameters: altitude, maximum 
electron concentration, and scale 
heights for ions at the base and 
top of the layer [304]. Four addi- 
tional minima observed in the ampli- 
tude of the signal were explained 
by theexistence of relatively thin 
ionization layers oith an electron 
density of N 10 cm-3. These 
layers shoulz be rather low in the 
atmosphere: the lowest  at pressure 
P c- 1 mbar at h = 88 km (reckoned 
from R = 6052 km) and the highest 
near h = 120 km. Q 

The Mariner-10 measurements 
revealed the existence of two 
adjoining peaks of  electron den- 
sity in the nighttime ionosphere 
at altitudes o f  120 and 140 km. 
The value of Ne,& iq the upper  
peak is about 40 electron/crn3 
and slightly less in the lower 
peak. As for the region between 
90 and 120 km, it should be noted 
that fluctuations in the amplitude 
of the signal, which had been noted 
in the Mariner-5 measurements, could 
have been caused by horizontal 
irregularities in the Venusian iono- 
sphere, anomalies similar to those 
which are known to exist in the E 
layer of the Earth's ionosphere. 

flat and semi-spherical traps on 
Measurements made with the 
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Venera-4 [ 4 7 ,  481 also yielded estimates o f  the concentrations of 
charged particles in the nightside ionosphere. The semi-spherical 
traps did not record concentrations above a level of dete tion of 
~ 5 . 1 0 ~  cm-3; 
(at h > 300 km) according to data from the flat traps. 

Fig. 118 shows altitude profiles of electron concentration in 
the daytime and nighttime ionosphere according to Mariner-5 data in 
comparison with the mean profile of Ne in the Earth's ionosphere. 
As we see, lower values of electron density and a much smaller over- 
all extent of the ionosphere are characteristic f o r  Venus. Another 
distinguishing feature is the much lower location of ionization 

the upper limit of ion density was 11103 cm-% 
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Fig. 118. Profiles of  electron concentration in the 
atmospheres of Venus and Earth: the thick solid lines 
are Venus, the Mariner-5 measurements [408]; the thin 
solid lines are Earth, an ionospheric model f o r  a mean 
level of solar activity; the dotted-dashed line is ion 
concentrations f o r  a model of  the Earth's atmosphere [62a]; 
and the dashed line is suggested ion distributions in the 
Venusian ionosphere. 

Key: a. night 
I 
I c. day 

b .  mean 

maxima (about 100 km lower), whlch stay at about the same levels 
on the day and night sides of the planet. Fig. 118 also shows the 
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altitude distribution of ion components in the Earth's ionosphere 
according to the model given in the work of Istomin et al. [62a ] ,  
as well as suggested (quite tentatively) profiles of ion components 
in the Venusian ionosphere that correspond t o t h e  measured profile 
of Ne(h). 

VI.3. Theoretical Models. 
ORIGTNAL PAGE IS 
OF POOR QUALITY /341 

Models of temperature and models of compositon. As already 
pointed out, the study of the physical structure of the upper atmos- 
phere of the planet through the use of full-fledged models generally 
involves great difficulties. Therefore, simplified approaches have 
been recently developed. These may tentatively be divided into tem- 
perature models and composition models. 

The construction of a theoretical temperature profile model 
requiresthe establishment of a model of altitude distribution of 
atmospheric components ni(h), since the balance of heat energy at 
various levels in the atmosphere varies as a function of the 
effectiveness of various aeronomic reactions determined by these 
distributions. The vertical profile T(h) can be obtained by numerical 
integration of the stationary energy equation: 

I ( V I . 5 )  

with various assumptions concerning the power of heat sources (A) 
and heat sinks ( R ) .  Heating is determined primarily by the 
absorption of the far ultraviolet solar radiation, and cooling is 
determined primarily by heat conductivity and reemission in the 
infrared region of the spectrum. 

With a more rigorous formulation of the model problem, the 
time-dependent energy equation has the form 

(v1.6) 

The second term in the right-hand side of the equation is an 
approximation of convective heat transfer and the adiabatic effect 
at vertical motions resulting from thermal expansion and contraction 
of the thermosphere C961. The expression for the flow of heat into 
the thermosphere can be written as follows: 

1 

4 1  L; 11,z \ s " x & ( \ ) t  ( ' \ I )  2) : [ \ a ,  .I  I l l / / , ;  < t i ,  (VI.7) 
1 I 

where S,, is the monochromatic flux of radiation at the upper bound- 
ary of the atmosphere in the spectral interval from u to u + dv; 
ai(v) is the cross-section of photoionization (photodissociation) of 
the i-th component in the spectral interval form v to v + dv, 8 is 
the zenith angle of the Sun, and Ei is the efficiency with which the 
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energy of solar radiation absorbed by the 5-th component is trans- 

formed into heat. The symbol 2 1 designates summation with 
"r P 

respect to spectral lines and integration with respect to t2e contin- 
uous spectrum in the ionization (dissociation) continuum u - v rp. 

The flow of  heat into the planetary thermosphere is caused 
primarily b y  an excess of energy during the absorption of the short- 
wave solar radiation that causes the ionization and dissociation of 
atmospheric components. For reverse recombination processes, re- 
actions of  dissociative recombination are very effect3ve as far as 
the transformation of solar ultraviolet energy into heat is con- 
cerned. As analysis of the aeronomic processes in the Earth's 
thermosphere shows, relatively small components (including inter- 
mediate compounds) can make an appreciable energy contribution to 
the heat balance; however, because there are few data on the com- 
position of the planetary atmosphere at high altitudes, one has to 
begin by examiningonlythe fundamental and most probable chemical 
transformations. 

I The processes of diffusion are usually not examined in tem- 
perature models. It is generally assumed that the atmosphere is 
in gravitational-diffusion equilibrium, and the contents of i-th 

as boundary conditions. A major shortcoming of this model is that 
the concentration of ni(h) remains unchanged as the influx of solar 
energy varies within rather wide limits. A still more serious short- 
coming is that this model does not specify the aeronomic reactions 
responsible for the heat balance of the thermosphere. This forces 
us to introduce phenomenological coefficients €1 into expression 
(VI.7); estimates of these coefficients involve well-known dif- 
ficulties and require additional information. 

by using the approximation described b y  equations (V1.5)-(VI.7) 
(cf. [ 7 0 ,  364, 365, 4381). Harris and Priester C339, 3401, who 
began with equation Cv1.61, have made substantial progress using 
this method. The mean value of coefficient ci in (VI.7) for an 
ionization continuum of atomic oxygen as a specific atmospheric 
component was chosen in such a way that the absolute values and 

agree with corresponding values of the parameters determined from 
the braking of artificial Earth satellites. This value was E 0.1. 
It was assumed that the outflow of  heat is due to what Bates has 
suggested [207 ] :  a mechanism of i n f r  red emission of atomic oxygen 

This mechanism is most effective near 160 km, whence 0 atoms diffuse 
from the high altitudes at which the dissociation rate of molecular 
oxygen is at a mximum and at which collisions are few. 

I components (i = 1, ..., j ,  ..., q) at the turbopause are assigned 
~ 

Many attempts have been made to model the Earth's thermosphere /343 

I amplitude of diurnal temperature and pressure fluctuations would 

I 
in the magnetic-dipole transitions O( 3 P ) -+ O(3P2) + hv(X = 63 um). 
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The term R i s  t h e n  e x p r e s s e d  as It' 2 ' ' J ' T )  
- ---- - - .- __--. - (VI.8) 

I l ' \ l b ,  - I I , \ I !  I I . 
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6F PW)R QUAI,lYl 
Eo and El are t h e  d i f f e r e n c e s  o f  t h e  energy l e v e l s  o f  t h e  m a i n  
( t x . i p l e t )  s t a t e  of t h e  0 atom; w o ,  w , and w2 a re  t h e  s t a t i s t i c a l  
w e i g h t s  o f  t h e  states 3P,, 3P1, and 3 P 2 ;  o12 i s  a n  E i n s t e i n  coef -  
f i c i e n t  f o r  t h e  t r a n s i t i o n  3P1 - 3P2; and k i s  Boltzmann's c o n s t a n t .  

i n t e n s i t y  o f  e m i s s i o n  i s  r a t h e r  h i g h  -- about  1 erg'cm' sec-  
and it s u b s t a n t i a l l y  a f f e c t s  t h e  c o o l i n g  of t h e  lower thermosphere .  

It i s  i n t e r e s t i n g  t o  n o t e  t h a t  t h e  shor tcomings  of a one-dimen- 
s i o n  f o r m u l a t i o n  o f  t h e  model problem c l e a r l y  show up w i t h i n  t h e  
framework o f  t h i s  approach .  Namely,  heat t r a n s f e r  due t o  a d v e c t i o n  
i n  t h e  m a c r o c i r c u l a t o r y  p r o c e s s e s  a t  t h e  a l t i t u d e s  of  t h e  thermos- 
p h e r e  i s  n o t  t a k e n  i n t o  a c c o u n t :  t h e  maximum h e a t i n g  o f  t h e  thermos- 
p h e r e  t u r n s  o u t  t o  be l o c a l i z e d  a t  17:00-18:00 l o c a l  t i m e .  T h i s  -- /344 
c o n t r a s t s  w i t h  e x p e r i m e n t a l  data,  a c c o r d i n g  t o  which t h e  phase  
s h i f t  o f  maximum t e m p e r a t u r e  and p r e s s u r e  v a l u e s  away from t h e  noon- 
t i m e  m e r i d i a n  i s  s u b s t a n t i a l l y  l ess .  Subsequent  a l t e r n a t i v e  
c a l c u l a t i o n s  of t e m p e r a t u r e  models of t h e  E a r t h ' s  t h e r r o s p h e r e  a r e  
i n  b e t t e r  agreement w i t h  e x p e r i m e n t a l  data when t h e y  i n c l u d e  atmos- 
p h e r i c  motions and t h e  more a c c u r a t e  estimates of  absorbed  s h o r t -  
wave r a d i a t i o n  ( c f . ,  f o r  example,  r-218, 307, 341 ,  3 4 2 ,  5 5 6 a I .  These 
a l s o  t a k e  i n t o  account  t h e  e f f e c t  of  boundary c o n d i t i o n s  on t h e  
t i m e  and s p a c e  c h a r a c t e r i s t i c s  o f  a tmospher ic  p a r a m e t e r s  and t h e  
s t r u c t u r e  of-m ~bxl f i e l d .  . _ _  - __ ~- 

Composition models use  a s l i g h t l y  d i f f e r e n t  approach .  It i s  known 
t h a t  a l t h o u g h  the  b a s i c  composi t ion  o f  a t m o s p h e r i c  atoms and mole- 
c u l e s  i s  r a t h e r  l i m i t e d ,  t h e  v a r i e t y  of  compounds formed as a r e s u l t  
of t h e  many photochemica l  and chemica l  t r a n s f o r m a t i o n s  i n  t h e  o u t e r  r e g i o n s  of t h e  p l a n e t ' s  gaseous s h e l l  can  b e  q u i t e  large.  
l a r ,  t h i s  i s  t h e  s i t u a t i o n  i n  t h e  Earth's upper  a tmosphere ,  whose 
many r e a c t i o n s  have been t h e o r e t i c a l l  
p r a c t i c e .  

Some of these compounds are  s table;  o t h e r s  have a l i m i t e d  life- 
t i m e .  Whether t h e y  are p r e s e n t  i n  a s p e c i f i c  r e g i o n  of  t h e  atmos- 
p h e r e  i s  r e l a t e d  t o  the t r a n s f o r m a t i o n  of  a b s o r b e d  s o l a r  energy  and 
t o  t h e  a l t i t u d e  d i s t r i b u t i o n  o f  atoms and m o l e c u l e s  i n  e x c i t e d  and 
i o n i z e d  s t a t e s ,  y e t  t h e i r  p r e s e n c e  depends s u b s t a n t i a l l y  on mixing,  
d i f f u s i o n ,  and t h e  number o f  s o l a r  q u a n t a  o f  t h e  p r e v i o u s l y - d e f i n e d  
energy  t h r e s h o l d  v a t  a g i v e n  l e v e l .  It i s  p o s s i b l e  t o  show, f o r  
example,  t h a t  i n  t i g  upper  r e g i o n s  of t h e  E a r t h ' s  a tmosphere  i t s  
b a s i c  n e u t r a l  components, oxygen and n i t r o g e n ,  are n o t  i n  photo-  
chemica l  e q u i l i b r i u m .  I n  f a c t ,  t h e  d i s s o c i a t i o n  t i m e  of  oxygen 
a t  a l t i t u d e s  of  7Oi1O0 km, w i t h  a d i s s o c i a t i o n  c o e f f i c i e n t  on t h e  
o r d e r  of 
a t  a t e m p e r a t u r e  of T = 4500°K), exceeds  5 - 1 0  s e c .  For  t h e  a c t u a l  
v a l u e s  f t  e t u r b u l e n t  d i f f u s i o n  c o e f f i c i e n t  a t  t h e  e a l t i t u d e s  /345 

less  t h a n  t h e  t i m e  t o  e s t a b l i s h  photochemica e q u i l i b r i u m .  A t  
great  a l t i t u d e s ,  m o l e c u l a r  d i f f u s i o n ,  whose c h a r a c  e i s t i c  t i m e  
r a p i d l y  d e c r e a s e s  as  a l t i t u d e  i n c r e a s e s  ( t d i f  - n,3/5), becomes 

The estimates o b t a i n e d  from (v1.8) p r o v i d e  e v i d e n s e  t h g t  t h e  -- 

I n  p a r t i c u -  
s t u d i e d  a d conf i rm d i 

They a r e  a n a l y z e d  i n  aetaiy i n  works ~ 7 8 , 1 2 1 , 2 O ~ , 2 0 ~ , 2 5 9 l 0  

sec-  (which c o r r e s p o n d s  t o  a fhux  o f  s o l a r  r a d i a t i o n  

( K  = 1 0  8 3  cm /set), d i f f u s i o n  t ime w i l l  be t d l f  = 1 0  8 s e c ,  i . e . ,  

t 
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q u i t e  i n t e n s e ,  and d e v i a t i o n  from photocherr.ica1 e q u i l i b r i u m  
t h e r e f o r e  i n c r e a s e s  even  more. 

I n  composi t ion  models,  it i s  customary t o  use  an e q u a t i o n  
of c o n t i n u i t y ,  which t a k e s  account  of  d i f f u s i o n  and chemica l  r e a c t i o n s ,  
and a n  e q u a t i o n  o f  d i f f u s i o n ;  whereas t h e  p r o f i l e  T ( h )  i s  c o n s i d e r e d  
g i v e n .  I n  a one-dimensional  c a s e  f o r  a h o r i z o n t a l l y - s t r a t i f i e d  
atmosphere,  the e q u a t i o n s  have t h e  form [ 9 6 1 :  --_- ~ 

where 

(VI.10) 

i s  t h e  g e n e r a t i o n  r a t e  o f  t h e  i - t h  component as  a r e s u l t  of  c h e m i c a l  
r e a c t i o n s ;  n1-j and BiJ a r e  s t o i c h i o m e t r i c  c o e f f i c i e n t s ;  W. i s  t h e  
r e s u l t i n g  r a t e  of  t h e  j - t h  r e a c t i o n ;  and Ji i s  t h e  d i f f u s e d  f l u x  
of t h e  i - t h  component, where in  

Hi = kT/mig i s  t h e  s c a l e  h e i g h t  of  t h e  i - t h  component; Dil i s  t h e  
c o e f f i c i e n t  of  b i n a r y  d i f f u s i o n ;  v i s  t h e  v e r t i c a l  macroscopic  
f l u x  r a t e .  C a l c u l a t i n g  t u r b u l e n t  t r a n s f e r  m o d i f i e s  e q u a t i o n  (VI-lO), 
which t h e n  assumes t h e  form C961 1'346 

J 

Y I : ,  ./. t ' :  
Y 

-I 

(VI. 10 ' ) 
- 

where K i s  t h e  c o e f f i c i e n t  o f . t u r b u l e n t  d i f f u s i o n .  It was i n h e r e n t l y  
assumed i n  (V1.10) t h a t  f l u x e s  of m o l e c u l a r  and t u r b u l e n t  d i f f u s i o n  
can  b e  viewed a s  independent  and be added t o g e t h e r ,  i . e .  J i  = JF + ~$i, 

K ( o u '  / t1 , , )7 '  n. - -1- 2- . A t  v = 0 ,  e q u a t i o n  (VI.9) i s  re- where $1 = - Oh ' I'  ah + 6) w r i t t e n  as: 
r 

(VI.11) 

t 
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If, furthermore, only molecular diffusion is to be studied, then 
Qi = K = 0, and the equation of transfer (VI.10') passes to the 
usual equation of diffusion in the Chapman-Cowling f o r m  [168]. 

The commonly-used method of calculating the structure of the 
ionosphere is closely related to composition models. In a stationary 
condition, the equation of continuity (VI.9) relative to the electron 
concentration Ne is rewritten as: 

(VI.12) 
OF POOR QUALITY 

Assuming that in an optically thin atmosphere, the ionization rate 
is proportional to the density of the corresponding n e u t r a l  i-th 
component ni, and that the recombination rate is proportional to 
the square of Ne (g and 5 are the proportionality factors), we 
obtain 

The two limiting cases of practical interest are: photochemical 
equilibrium, which can be obtained at comparatively low altitudes, /347 
and dynamic equilibrium, which is reached at greater h. Accordingly, 
the left-hand side or the second term in the right-hand side of 
(VI.13) goes to zero, and the altitude-dependent electron concentra- 
tions are determined by the formulas E4251 

Studying the altitude variation of the concentration of neutral 
components in composition models has turned out to be particularly 
fruitful for the study of the lower regions of the Earth's thermos- 
phere. Colegrove et al. [ 2 5 O ,  2511 have, numerically integrated 
the system of equations (VI.lO)-(VI.ll) with oxygen dissociation 
and recombination taken into account. In this case, there directly 
follows from equation (VI.11) - 

I 

(VI. 15 1 

The subscripts 1 and 2 refer to atomic anc molecular oxygen, 
respectively, and n is the total concentration. The diffused fluxes 
of molecular nitrogen and argon were taken to be equal to zer 
J3 - J4 = 0; and constant values corresponding to J 5  = 1.7-10 
sec -' and 56 = 2.5-107 crn'2sec-l were assumed for helium and 
hydrogen fluxes. In system (VI.12) 

8, cm-' 
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( V 1 . 1 2 ) ,  I designates the coefficient of the oxygen dissociation 
rate averaged over a day, f3i is the coefficient of oxygen recom- 

;ORI[GlKAL PAGE rr bination for the reaction 
0 - I ) - -  \ \ - - , I 1  ; I .  

OF PWRQLXLITY 
and B ,  is the coefficient of oxygen recombination for the reaction 

The coefficient of turbulent diffusion was consi erec? to b inde- 

providing the conditions n(O>/n(02) = 1 near h = 120 km. 

equilibrium and disequilibrium indicate that at a given temperature 
profile, the value of the coefficient of turbulent diffusion in the 
lower ::thermosphere plays a most essential r o l e .  It is an unique 
parameter of agreement for the transition region (turbopause), 
where, by definition, K = Di.. The substantial discrepancies in 
estimates of this coefficien$ for the Earth's thermosphere depend 
both on the choice of model and on the validity of the experimental 
data used f o r  comparison w i t h  the r e s u l t s  of c a l c u l a t i o n s .  In the 
most recent works of.Shimazaki and Kasahara C4901 and Shimazaki 
[491, 4921, the results of integrating a non-stationary equation 
of continuity of the type (VI.9) lead to the conclusion that in 
order to be compatibl wi h th experimental profiles, it is neces- 
sary to 

0 - j1 \ I  - > I  I ;  - \ I .  

pendent of altitude and was taken to be K = 5.10 !! cm2 sec-' by 

The results of modelling for the conditions of diffused /348 

ssume k = l oF i  cm'sec-f at altitudes of 140-160 km and K = 5-10 8 cm2sec-' at altitudes of 100-120 km. 

Modelling the Venusian thermosphere. The task of modelling 
the Venusian upper atmosphere with so few experimental data is more 
complicated than the anaiogous task for Earth, and, furthermore, 
it requires additional assumptions. On the whole, however, the 
approach corresponds to approaches to temperature and composition 
models. 

One of the first such attempts was that of Urey [529], who 
began with the assumption that the atmosphere above the clouds ,con- 

tion processes had formed an extensive CO and 0 layer in this region. 
Kaplan [371], whose estimates led to a mixing ratio of 
n(C02)/n(N2) e 0.15, assumed that dissociation had substantially 
less effect on the establishment of equilibrium concentrations of 

the condition of photochemical equilibrium in an atmosphere con- 
sisting of C 0 2 ,  0 , and the products of their dissociation CO and 0. 
Because of the efsiciency of oxygen molecule formation during 
triple collisions, the effect of CO dissociation on the establish- 
ment of equilibrium concentrations ?n the thermosphere was further 
lessened, and the altitude of the layer where dissociation is 
greatest was lowered. The reason f o r  this is the screening effect 

I sited for the most part of C 0 2  and that the efficiency of dissocia- 

I 

I atmospheric components. The next step was the work of Shimizu 
I [493], in which the altitude profiles n.(h) were determined from 

c 
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I .  

of O2 molecules, inasmuch as the absorption coefficient in the _I- /349 
Schuman-Runge continuum is larger than in the C 0 2  continuum. 

models, had a serious defect. It did not take account at all of 
diffusion, which should result in the transfer of CO 
and the transfer of CO and 0 downward and, consequenzly, to the 
equalization of "peak" concentrations of individual components, 
especially 02. 
unrealistic, since it require3 a significant content of molecular 
and atomic oxygen in the Venusian upper atmosphere; as we have 
seen, this is hardly compatible with current conceptions. Estimates 
of the altitude profile of the neutral components of the Venusian 
upper atmosphere made in [llS] encounter the same difficulties. 

Shimizu's model, which was closest in type tc composition 

and O2 upward 

Despite its seeming persuasiveness, the model was 

Shimizu overcame these difficulties in a later work C4961, 
which contained not only more accurate estimates of photochemical 
processes (proceeding from the most probable chemical composition 
of a thermosphere with prevalent C02 content) and molecular diffusion, 
but also an examination of the processes of turbulent and ambipolar 
diffusion. His calculations led to the conclusion that since solar 
radiation in the C02 continuum penetratesdeeply into the atmosphere, 
the region near the base of the thermosphere should have a more 
substantial effect on the altitude distribution of neutral com- 
ponents on Venus than on the Earth. This in turn predetermined the 
great sensitivity of calculated temperature models to the lower 
boundary conditions assigned. It is necessary to formulate these 
conditions below the tropopause, even though it is more convenient 
to calculate an altitude profile of  partial concentrations. The 
influence of vertical transfer is apprec'able at horizontal wind 
velocities of 10-100 m/sec. 
height, should correspond to the typical time consta t of atmps- 

obtained. 
chemical equilibrium is observed in the layer where CO dissociation 
is most e f f i c i e n t  (cf. a l s o  [ 494 ,  4 9 5 ] ) ,  and the coeffgcient K in 
equation (VI.10) serves as a parameter of agreement for the re- 
quired concentrations of dissociation products. McElroy C420-4223 /350 
has calculated a model of the Venusian thermosphere in an approxima- 
tion corresponding to temperature models. The atmosphere was assumed 
to consist wholly o f  carbon dioxide gas. The energy equation in the 
form (VI.5) was integrated, and in so doing, it was held that the 
influx of heat (term A) is related primarily to absorption of far 
ultraviolet radiation in ionization and dissociation C 0 2  continuums 
and that cooling (term R )  is related to emission by oscillatory- 
excited C 0 2  molecules. 

In addition to heating caused by the absorption of far ultra- 
violet radiation, infrared radiation absorbed in the 2.0, 2.7, and 
4.3 pm bands can also make a definite contribution to the heating 

The value H 3 /K, where H is the scale 
pheric circulation Ro/V. At V 100 m/sec, K = 2'10 Y cm2sec- is 

In these zonditions, a significant deviation from photo- 
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of the Venusian thermosphere. Allowing f o r  the important role 
played by reemission of absorbed radiation at high altitudes, 
McElroy estimated the thermal effect of this absorption (the added 
term A '  in ( V I . 5 ) )  by expressing it in terms of the ratio between 
the radiation lifetime-rl, and the collision lifetimen for correspond- 
ing models of bands (cf. VI.1): 

where y(h) is the amount of radiant energy absorbed at altitude h 
in the corresponding spectral region. Values of T-+ for bands 2.0, 
2.7, and 4.3 pm are 0.0024, 0.041, and 0.9 sec, respectively. For 
values of T-I in the near infrared region of the spectrum it is per- 
missible to use the empirical expression obtained by Chamberlain 
and McElroy [ 2 3 9 ]  for the 15 um band but reduced by about two times 
due to the probable presence of H2 molecules, which influence the 
vibrational deactivization of C02,  in the thermosphere [ 420 ] :  

1 
(VI. 16) 

As for term R, then as it is found from the equation of transfer in 
the 15 pm band, it is necessary to keep in mind that in the conditions. 
of the thermosphere the v a l u e  13,  in (VI.l) becomes significant, 

i.e., there is substantial deviation from 1.t.e. The modelled band /351 
structure of Goody and Belton [322] takes this effect into account. 
McElroy has calculated the value of R as an approximation of the 
structure by using numerical methods4. 

T, 
measurements of the intensity of atmospheric luminescence in L . 
Hogan and Stewart r.3471, who also began with an approximation 8or- 
responding to temperature models, obtained similar results, with 
T, = 650 2 7 P K .  As we see, although the insolation on Venus is 
twice as high as on the Earth, this additional influx of energy into 
the upper atmosphere is matched by an even more intense cooling 
resulting from the high content of CO molecules. The mean exospheric 
temperature on Venus turns out to be ?owe, than on Earth. 

-- 

I 71, 

McElroy's model estimates the mean exospheric temperature at 
700°K, which is in good a'greement with Barth's findings from 

In both models, the level where isothermy begins (the thermo- 
pause) is reached near 200 km, and practically coincides with the 
location of the thermopause in the Earth's atmosphere at the same 

Dickinson has recently given a detailed analysis of the problem 
of radiative heat exchange in the infrared region of the spectrum 
in the Venusian mesosphere C 2 7 3 3 .  

4 

t 
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ternperBture3[94, 410, 4131.  The concentration of neutral particles 
n f 10 cm' , i.e., an altitude of about 250 km, corresponds to the 
critical level. 

Shimizu's results C4971 using a non-stationary equation of heat 
conductivity with a convective term in the form (VI.6) do not differ 
essentially from these values. In addition to a mean value of 

and its limiting variations during an 11-year solar 
cycle while making various assumptions about the efficiency of heat 
transfer resulting from heat conductivity. Fig. 119 reproduces 
these results. They indicate that the difference in temperature on 
the day and night hemispheres can reach almost 400°K and about 600°K 
depending on the phase of the solar cycle. The latter value is about 
twice as high as the corresponding estimate in model [ 4 2 2 ]  (Fig. 120). 
The equalization of temperature irregularities should probably occur 
due to intense winds with velocities of hundreds of meters per second. 
As we have seen, the estimate Shimizu made of the probable coefficient 

different model) correspond to these conceptions C4961. 

= 67OoK, he obtained the expected diurnal temperature change 

of turbulent diffusion K - 10 3 cm2sec-1 (these were obtained for a / 3 5 2  

It is well known that winds and turbulent transfer have a 
substantial effect on the space and time characteristics of atmos- 
pheric parameters. Wind velocities up to several hundreds of meters 
per second have been found in the Earth's atmosphere (cf., for 
example, [209, 379, 4031) .  In the Venusian thermosphere, such 
winds are even more probable, if it is kept in mind that because of 
the planet's slow rotation, the longitudinal temperature gradient 
should be larger than on Earth. The presence of a horizontal wind 
should in turn cause intense vertical transfer and have an appreci- 
able effect on the establishment of the thermal regime in both hemi- 
spheres. Dickinson [272] has examined a possible schema of circula- 
tion in the Venusian upper atmosphere, a schema that leads in par- 
ticular to a rapid transport of the products of photolysis to 
the night side. The circulation model of Dickinson and Ridley 
[274] has further developed these conceptions. 

Equalization of temperature and density due to horizontal 
motions is assumed in the average diurnal model of McElroy [ 4 2 0 ,  
4221. In contrast to this, Hogan and Stewart E3471 began with the 
conception that local radiative equilibrium is established on the 
night and day sides of the planet for a period of time equal to 
one Venusian day and that the maintenance of significant gradients 
of T, and p are possible. Therefore, even though they use a generally 
similar approach t o  estimation of the sources of the flow of heat 
energy into the thermosphere, these models use varying values of 
the coefficient of the efficiency of transformation Into heat 
in expression ( V I . 7 ) :  E 0.60 in the average diurnal model and 
E: N 0.3C in the local-equilibrium model. In the latter case E is 
used as a parameter of agreement in calculating the thermal regime 
of both hemispheres [ 4 2 5 ] .  The mean exospheric temperature obtained 
here is about the same, about 700OK. 
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I Fig .  119. Exospher ic  t e m -  
p e r a t u r e  of  Venus v s  t i m e  
(one d a y )  and l e v e l  o f  so- 
l a r  a c t i v i t y  a c c o r d i n g  t o  
[4971 .  The d o t t e d  l i n e ,  
t h e  dashed l i n e ,  and t h e  
d o t t e d - d a s h e d  l i n e  are  c a l -  
c u l a t i o n s  a c c o r d i n g  t o  Eq. 
( V I . 5 )  f o r  v a l u e s  o f  t h e  
c o e f f i c i e n t  of  hea t  con- 
d u c t i v i t y  A(T) = 0 8 1  T413; 
67 T1/2 and 36 T3/4 a t  a 
s o l a r  z e n i t h  a n g l e  of  
e - 7 5 " .  The s o l i d  c u r v e  
i s  a c a l c u l a t i o n  a c c o r d i n g  
t o  Eq.  ( V I . 6 ) .  The c i r c l e s  
are  v a r i a t i o n s  d u r i n g  t h e  
11-year  s o l a r  c y c l e .  M i s  
t h e  p a r a m e t e r  o f  s o l a r  
a c t i v i t y  normal ized  t o  a 
v a l u e  o f  F i n  t h e  
minimum of t he  c y c l e .  
The s q u a r e  i s  Mariner-5 
data,  t o  which M=1.58 
c o r r e s p o n d s .  The "x's" 
are T a c c o r d i n g  t o  C4201. 

Key: a .  hours  

The m o d e l l i n g  of t h e  Venusian 
i o n o s p h e r e  was done i n  t h e  a p p r o x i -  
mat ion d e s c r i b e d  by e q u a t i o n  (VI.13) 
and the  formulas  (V1.14)-(VI.l4'). 
Attempts  were made t o  i n t e r p r e t  the  
dayt ime p r o f i l e  Ne(h)  (as  a f u n c t i o n  of 
t h e i o n i z a t i o n  s o u r c e )  n e a r  t h e  p r i n c i -  

c o r r e s p o n d s  t o  t h e  F 1  o r  E l a y e r  o f  
t h e  E a r t h ' s  a tmosphere .  The concen- 
t r a t i o n  of n e u t r a l  p a r t i c l e s  n n t h i s  
r e g i o n  was t a k e n  t o  b e  from 10'' t o  
5.1012 cm-3, w i t h  photometr ic  data  a t  
t h e  Regulus o c c u l t a t i o n  l e v e l  t a k e n  i n t o  
a c c o u n t .  A r t i c l e  [3441 u s e s  a more com- 
p l e x  approach  t o  t h e  problem of  m o d e l l i n g  
t h e  dayt ime i o n o s p h e r e ;  i t  a t t e m p t s  t o  
c a l c u l a t e  added h e a t i n g  by s o l a r  wind 
and to e s t i m a t e  t h e  s t r e n g t h  of  t h e  i n -  
duced magnet ic  f i e l d  i n  t h e  boundary 
r e g i o n .  

p a l  i o n i z a t i o n  maximum as one t h a t  I354 

McElroy's c a l c u l a t i o n s  C420, 422, 
4231 p r o v i d e  e v i d e n c e  t h a t  f a v o r s  a n  
F1-type model, which s a t i s f a c t o r i l y  
approximates  t h e  measured p r o f i l e  o f  
e l e c t r o n  c o n c e n t r a t i o n s  i n  t h e  aimos- 
p h e r e  below 2 0 0  km due t o  t h e  C 0 2  i o n .  
The a d d i t i o n  of  o t h e r  components 
(N2, 0 2 )  results i n  a marked d e v i a t i o n  
o f  t h e  c a l c u l a t e d  c u r v e s  from t h e  
measured p r o f i l e  N,(h). 
g l v e  no r e a s o n  t o  e x p e c t  a n  a p p r e c i a b l e  
c o n c e n t r a t i o n  of i o n s  of  a tomic  oxygen 
n o r ,  a c c o r d i n g l y ,  a n  F2-type layer, t h u s  
a g r e e i n g  w i t h  e x p e r i m e n t a l  data a b o u t  a 
r a p i d  f a l l  i n  Ne above t h e  peak o f  t h e  
F1 l a y e r .  

The same r e s u l t s  

VI.4. Photochemis t ry  and Dynamics. The 
Exosphere.  

The photochemis t ry  of a C02 atmos- 
p h e r e .  A v a i l a b l e  e x p e r i m e n t a l  data  and 
t h e  r e s u l t s  of m o d e l l i n g  t h e  thermosphere ,  
as wel l  as theoretical estimates made from 
t h e  s t r u c t u r e  of  i o n i z a t i o n  l e v e l s  com- 
p a r e d  w i t h  measured a l t i t u d e  p r o f i l e s  

Ne(h)  g i v e  r e a s o n  to assume t h a t  a 

c 
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predonlnant C 0 2  concentration 
is maintained in the Venusian thermos- 
phere up to - 200 km. But an in- 
tense dissociation of C02 by the 
solar ultraviolet should occur in a 
carbon dioxide atmosphere: 

Reactions of this type at smallX 
are accompanied by the formation 
of the products of photodissocia- 
ti n iy states of CO excitation 

example, [245, 397, 416al) with 
(a s 11) , CO(A~II), o ? ~ s )  (cf. for 

Fig. 120. Temperature T and par- subsequent spontaneous transitions. 
ticle density n vs altitude in At the same time, it is known that 
the McElroy model [4221. The the reverse reaction of CO and 0 
solid curves correspond the recombination as in6 
phase of solar cycle activity 

5 flights. The dashed line -- 
estimates of the limiting 
cases between the minimum and 
maximum of the 11-year solar 
cycle. The square is an es- reaction kl < 8-10-35 cm sec-1 at 
timate of density at the 
Regulus occultation level. 
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(VI .  18) during the Venera-4 and Mariner- I t '  I ' i ' I ' )  \ I -  * I '~ " 

is hardly able to explain the 
observed stability of C 0 2 ;  the 
coefficient of the rate f this 

T = 300°K is too small C2801. The 
association of oxygen atoms occurs 
about 40 times faster: 

E 

since k2 = 3.10'~~ ~ r n ~ s e c - ~  at T = 300°K [470]. 

The equation of continuity (VI.9) for atomic oxygen in the 
stationary case and at Ji = 0 is written in a form similar to 
(VI. 12) : 

The C 0 2  dissociation rate in an optica ly thin atmosphere is, 
according to McElroy, Q(0; CO; h) = 2.2.10' k n(C02; h). The calcul- 
ation of (v1.18) and (VI.19) gives 

5 In this case (at X l080A), Cameron bands of CO (a - x) are 
excited. 
6 At the most probable assumption of M E C 0 2 .  

f 1 ,  I ,  L.L. 1 1 1  2 :i ( I  . / , I  , ,  , ( \  J I  I I 
, 

0 
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By integrating (V1.20), McEiroy C4211 and Donahue [2801 estimatedthe 
flux of 0 atoms at level ho, where, f o r  the dissociation continuum 
of C02 T 1, he c ncentration n(C02) iyl* cm-3, 
Q = 2.1012 cm-'sec-P: In(o)'Vlh,h e 2-10 

0 
realistic to accept (v)h- 5 10 cm/sec, the numerical densities of 

cm-2sec-1. If it is 

v --LJ 
0 and CO should then reach n 2 2-1010cm'3, which is significantly 
larger than equilibrium contents n(O), n (CO) and n(C02) according 
to experimental data. The difference between the rates of appear- 
ance and disappearance of atomic oxygen at these levels in the 
thermosphere reachesalmost six orders of magnitude C280, 2811 and 
requires either the discovery of a more efficient recombination 
mechanism or a vertical transfer of 0 atoms into the atmosphere to 
a much greater depth. In order to remove this contradiction, McElroy 
C419, 4201 began with the notion of photochemical equilibrium and /356 
assumed a recombination mechanism with the formation of an inter- 
mediate excited CO* complex accompanying the reaction (V1.17'): 3 

(VI.21) 

However, this mechanism, which has been assumed more than once during 
laboratury study of C 0 2  photolysis, has serious shortcomings. It 
requires that all the oxygen atoms formed in the atmosphere due 1 to dissociation are in an excited state ( D).At the same time, the popu- 
lation of these levels is much lower than the levels in the fundamental 
state of 3P. Moreover, although the lifetime of the metastable state 1 D  is long, 
(96 sec), the process of spontaneous deactivization of O(ID) with 
the emission of the red doublet can be faster than the recombination 
process as in (V1.21). Still more efficient is the mechanism of the 
disappearance of metastable atoms O(lD) in the Venusian thermosphere 
due to impact deactivation as in : 

0 1  I '  ,i . 1 )  l i ' )  ' 51 .  (VI.22) 

Recent results of laboratory experiments by De Nore L-2691, 
Clark and Noxon [244], and Slanger and Black [503] strongly indicate 
that since C 0 2  molecules (a 
this reaction is k 3  
occurs with 2 rate close to the gas-kinetic rate) can efficiently 
play the role of the third body in (VI.221, the probability of 
mechanism (VI.21) is negligible, and the probability of (VI.22) is 
close to unity. The rather high probability that the excited 
complex of Cog will decay rapidly should also be kept in mind. 
McElroy and Hunten C4261 have examined the possibility that it is 
stabilized at the collision-caused emission of a quantum; in this 

M 3 C02 the coefficient of the rate of 
5'1'0-'1 cm3sec-l [553])7,  %.e., the quenching 

This reaction at M E N2 is well known for the Earth's thermo- 
sphere; it is a type of predissociation reaction. 
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case, the sequence of reactions (VI.21) is modelled and assumes the /357 
form : 

I (VI.23) (;o C1); -  ?CO-. I 
lIcI)l O (  l B ) - . ( : o ;  , . ( t ) : *  

Unfortunately, there are no numerical values of the coefficients 
characterizing the efficiency of this mechanism. However, it does 
not seem likely that acceptable values will be obtained, values which 
in this approach will provide an answer to one of the fundamental 
problems of the photochemistry of Venus and Mars: how to avoid an 
accumulation of CO and 02 in the atmosphere, so as to satisfy the 
spectroscopic limits of the contents of these components (cf. 
Table 11). 

Donahue [280] ,  and McElroy and Hunten C426-J have examined 
reactions that include intermediate perhydroxyl complexes as 
alternative recombination processes: 

However, the coefficient of the rate is k4 = 
while the formation rate of H atoms, which is deter ined from the 
intensity of the emission in L,(k5 = 2 - 1 0 - 3  cm sec-'), is several 
orders of magnitude lower than the value of &. This makes the 
sequence of reactions (V1.24)' inefficient. The presence of water 
vapor could significantly speed up the reaction 

- 10-~3cm3sec-l, 

in which H20 is the catalyst. But significant difficulties appear 
here, too: the relative water vapor content above t e c louds  
according to spectroscopic measurements (f 6 IO-?) is clearly 

over, according t o  the estimates of Donahue C2801, in order toll 
insufficient to secure the required reaction H2° rate of (VI.25). 

sec-' in the region n,, 

More- 

reco bine the products of CO issociation at a flux of ~2'10- Cm-2 
Z 1 cm-3 and at a content of 

n - , the required b"2 value of k6 is only d0-43cm 6 sec'l. 
O 2  c02 

Coefficients K and E .  The difficulty in finding a mechanism 
that could rapidly evacuate eo, photodissociation products from 
the dissociation zone by recombining them in the gaseous phase is 
a definite argument in favor of the assumption that the processes 
of vertical transfer are quite efficient. The physical nature of 
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vertical motions can be related both to the mechanism of global 
circulation and to the more localized mechanism of penetrative 
convection, developed and maintained by the instability of lower- 
lying regions. If there a re  processes of turbulent diffusion, 
which hinder diffusion-gravitation separation of gases, then recom- 
bination in the presence of a solid phase could play a definite 
role. DonahueC2811 allows for these considerations in his examina- 
tion of the possibility that the planetary surface has an effect 
on this process. 

The deficit of atomic oxygen in the Venusian thermosphere can 
be explained if it is assumed that the coefficient of turbulent 
diffusion is K = 2.107 cm2sec-1, as is shown in the aforementioned 
calculations of Shimizu. The calculations of McElroy and McConnell 
[427] for Mars result in a substantially larger value, 

, I .  

I O  I 
-.- 1 Assuming transfer 8 2  K = 5-10 cm sec - l ,  assuping that 

down to the surface, velocities of several hundreds of meters per 
second ( ! )  would correspond to this value. In the case of Venus, 
however, the dense layer of clouds could serve as this surface 
in this regard, E - H and the required value of K - 107cm2sec' . 
But if' the data of Thomas [ 5 2 3 ]  are kept in mind (according to which 
0 content on Mars corresponds to a ratio of ,-- 3.10-2), then 
f o r  Mars the value of K becomes about an::order of magnitude srr,aller. 
These estimates are already very close to what is usually accepted 
for Earth. Nevertheless, it is difficult at present to answer the 
question of how realistic these values of K are and how they are 
reached in practice in the atmospheres of Venus and Mars. 

i 

.I - 

The circulation model of Dickinson and Ridley [ 2 7 4 ]  provides 
additional arguments in favor of the important role played by 
dynamics in the Venusian thermosphere. Their numerical calculations 
enable the assumption that both turbulent diffusion and large- 
scale vertical and horizontal motions (up on the day side and down 
on the night side) have a significant effect on the establishment /35 
of the thermal regime and the equilibrium concentration o f  components. 
In this schema, if boundary conditions are assigned at level 
P u 0.1 mbar, efficient recombination of C02 photodissociation 
products is assured, so that relative 0 and CO content near the 
ionospheric maximum F1 does not exceed ~ 2 % .  

in the Venusian thermosphere indeed play an important role in the 
Venusian thermosphere, this would be a strong argument against the 
deuterium hypothesis adduced to explain the dependence (measured 
by Mariner-5) of the intensity of luminescence in La on altitude, 
since this hypothesis begins by assuming that v e r t i c a l  flows are 
weak. 

It should be noted that if turbulent diffusion and circulation 

The coefficient used in temperature models E = 0.60 is obtained 
from the calculations of Henry and McElroy [343], who analyzed the 
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most p r o b a b l e  ways s o l a r  shor twave  r a d i a t i o n  i s  t r ans fo rmed  i n t o  
h e a t  i n  a C O  a tmosphere .  One can  m a i n t a i n  t h a t  t h e  b a s i c  s o u r c e  
o f  h e a t i n g  o? t h e  Venusian thermosphere  i s  " f resh"  p h o t o e l e c t r o n s  
as  t h e y  a re  t h e r m a l i z e d  and t h e  r e l e a s e  o f  thermal ene rgy  dur i r ,g  
t h e  r ecombina t ion  of Cot i o n s .  
w i i h  ene rgy  E > 1 3 . 8  e? ( A  < 902 f), which lead t o  t h e  f o r m a t i o n  of  
CO- i n  v a r i o u s  s t a t e s  of  e x c i t a t i o n  [1911. I o n s  w i t h  ene rgy  

I o  i z a t i o n  i s  caused  by photons  

L 
E 2 7 e V  are  p a r t i c u l a r l y  e f f i c i e n t  i n  t h e  t h e r m a l  r a t i o ,  
i n  a carbon d i o x i d e  a tmosphere  below t h i s  t h r e s h o l d , t h e  most pro-  
bable  i s  ene rgy  lo s s  due t o  r e e m i s s i o n  from t h e  v i b r a t i o n a l - e x c i -  
t a t i o n a l  l e v e l s  of  C 0 2  molecu le s ,  e s p e c i a  l y  i n  band X = 15  pm. 
The t h e r m a l  e f f i c i e n c y  of  d i s s o c i a t i v e  CO; r ecombina t ions  depends 
t o  a l a r g e  e x t e n t  on t h e  s t a t e  o f  e x c i t a t i o n  of  f i n i t e  p r o d u c t s  of 
r e a c t i o n  14253: 

s i n c e  

( ( I -  , ( I !  1 4 .  i '  eV. 
( 4 , I ; ,  I l l '  I . 8eV. 
I I ) (  1, I '  - I ' eV.  

- - . (  1 1 1 ,  1 1  I 1 1  i _. \ eV. 
1 1 ,  1 t i '  1 - e V .  (VI. 2 6 )  

O f  t h e  ways o f  t r a n s f o r m a t i o n  g i v e n  i n  (VI.261, t h e  most probabl.eB60 
i s  C O  f o r m a t i o n  i n  the  fundamenta l  s t a t e  (1 ) and 0 f o r m a t i o n  i n  
t h e  s t a t e s  ( 3 P )  and (ID), According t o  [ 5 4  E 3 ,  k7  = 3.8.10-7 cm3sec-1. 

It is assumed t h a t  t h e  r ema in ing  p a r t  o f  t h e  f a r  u l t r a v i o l e t  
r a d i a t i o n  i s  s c a t t e r e d  o r  r e m i t t e d  b y  t h e  atmosphere,  as well as 
released a t  lower  l e v e l s  d u r i n g  r ecombina t ion  o f  p h o t o l y s i s  p r o d u c t s .  
E s t i m a t e s  o f  t h e  energy  l o s t  d u r i n g  r ecombina t ion  a re  r a the r  hypo- 
t h e t i c a l  and can  s i g n i f i c a n t l y  change t h e  v a l u e  o f  E .  Thus, what 
B a r t h  e t  a l .  [ 2 0 2 ]  d i s c o v e r e d  on t h e  Mariner-6 and Mariner-7 was 
comple t e ly  unexpec ted  and had n o t  been s u g g e s t e d  by l a b o r a t o r y  ex- 
p e r i m e n t s :  t h e  i n t e n s e  e m i s s i o n  of  t h e  upper  a tmosphere  o f  Mars i n  
t h e  Cameron CO band?, t o g e t h e r  w i t ?  a pronounced luminescence  i n  
CO; ( t h e  d o u b l e t  C 0 2  B - X) and 01  S - 3P bands .  
o f  C516, 5181 i n d i c a t e d  t h a t  i n  t h i s  c a s e  Mars l o s e s  a b o u t  h a l f  
t h e  energy  o f  i n c i d e n t  fa r  u l t r a v i o l e t  r a d i a t i o n  i n  t h e  form of  
a tmosphe r i c  luminescence .  T h i s  f o r c e d  a v a l u e  of  E = 0.19/2 t o  be  
used ,  i . e . ,  E ~ 0 . 1  i n  t h e  c a l c u l a t i o n  f o r  b o t h  hemisphe res ,  i n s t e a d  
of - t h e  v a l u e  McElroy had p r e v i o u s l y  a c c e p t e d :  E = 0.66 /2 ,  i . e . ,  
E 0 . 3 .  

The c a l c u l a t i o n s  
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A similar s i t u a t i o n  c o u l d  be e x p e c t e d  f o r  Venus a l s o .  A s  i n  
t h e  c a s e  o f  Mars, t h i s  l e a d s  t o  a s u b s t a n t i a l  r e d u c t i o n  i n  t h e  
e x o s p h e r i c  t e m p e r a t u r e  of  Venus and t o  a r e v i e w  o f  t h e  c h a r a c t e r i s -  
t i c s  o f  i t s  i o n o s p h e r e ,  even though t h e  v a l u e  Too 700'K and the  
measured ( i n  1967)  p r o f i l e  Ne(h) a r e  i n  s a t i s f a c t o r y  agreement 
w i t h  t h e o r e t i c a l  c a l c u l a t i o n s  a t  E: = 0 . 6 .  A t  t h e  same t i m e ,  t h e  
measurements of  a t m o s p h e r i c  luminescence i n  u l t r a v i o l e t  on Mariner-9 
i n  1 9 7 1  C203, 5171 r e s u l t  i n  t h e  c o n c l u s i o n  that  p r e v i o u s l y - e s t i m a t e d  
i n t e n s i t i e s  o f  luminescence i n  Cameron CO bands were o b v i o u s l y  o v e r -  
es t imated by a b o u t  two times ( a l l o w i n g  f o r  c o r r e c t i o n s  f o r  i n s t r u -  
ment c a l i b r a t i o n  and v a r i a t i o n  i n  s o l a r  a c t i v i t y ) .  Because emission 
reduced  energy  l o s s e s ,  t h e  e x o s p h e r i c  t e m p e r a t u r e  o f  Mars s h o u l d  
i n c r e a s e  from 350" t o  420°K, which i s  less c o m p a t i b l e ,  however, 
w i t h  t h e  model of a l t i t u d e  d i s t r i b u t i o n  o f  oxygen o b t a i n e d  from t h e  /361 
same measurements u s i n g  a n  u l t r a v i o l e t  s p e c t r o m e t e r .  T h i s  d i s -  
c repancy  can  b e  removed, how v e r ,  b y  assuming,  f o r  example,  t h a t  
t h e  energy  of  t h e  e x c i t e d  O( D) atom formed d u r i n g  C02 p h o t o d i s -  
s o c i a t i o n  and CO+ d i s s o c i a t i v e  r e c o m b i n a t i o n  ( r e a c t i o n s  ( V I ,  1 7 )  
and (VI.26)) t r a n s f o r m s  upon quenching o f  t h e  e x c i t a t i o n  n o t  i n t o  
k i n e t i c  e n e r g y ,  b u t  p r i m a r i l y  i n t o  t he  e n e r g y  of  CO v i b r a t i o n a l  
e x c i t a t i o n ,  w i t h  subsequent  emiss ion  i n  t h e  i n f r a r e z  r e g i o n  of  t h e  
spec t rum C5171. The e s t i m a t e  of t h e  v a l u e  o f  E w i l l  depend i n  t h e  
f i n a l  a n a l y s i s  on how c o r r e c t l y  t hese  and o t h e r  p o s s i b l e  p r o c e s s e s  
a r e  c a l c u l a t e d .  

f 
2 

The ana logy  w i t h  Mars i s  by no means a c c i d e n t a l .  The f e a t u r e s  
of p h o t o c h e m i s t r y  on Mars a r e  a p p a r e n t l y  q u i t e  s i m i l a r  t o  what occi i rs  
on Venus, s i n c e  t h e  thermospheres  of b o t h  p l a n e t s  p r o b a b l y  c o n s i s t  
main ly  of  C 0 2 .  T h e r e f o r e ,  i t  i s  customary t o  examine q u e s t i o n s  of 
p h o t o c h e m i s t r y  for t h e  Venusian and Mars a tmospheres  a t  t h e  same 
t i m e  and t o  subsume these q u e s t i o n s  under  t h e  g e n e r a l  concept  of 
t h e  p h o t o c h e m i s t r y  o f  C 0 2  a t m c s p h e r e s .  From t h i s  p o i n t  of  view, 
t h e  e x c e l l e n t  speGtra of  Mars i n  the u l t r a v i o l e t  r e g i o n  
(AX = 1100-3400 A )  o b t a i n e d  on Mariner-9 a r e  o f  g r e a t  i n t e r e s t ;  
F i g .  1 2 1  shows t h e  averaged  r e s u l t  of t h e s e  s p e c t r a  [ 2 0 3 ] .  The 
spec t rum conveys t h e  b a s i c  c h a r a c t e r i s t i c s  o f  t h e  p l a n e t ' s  lumines-  
cence ,  which a re  e x t r a o r d i n a r i l y  i m p o r t a n t  f o r  an u n d e r s t a n d i n g  o f -  
t h e  f e a t u r e s  o f  photochemis t ry  i n  a c a r b o n  d i o x i d e  a tmosphere .  A 
d e t a i l e d  a n a l y s i s  o f  t h e s e  f e a t u r e s  can  be found i n  t h e  o r i g i n a l  
works of B a r t h  and h i s  co-workers [202, 203,  5173. 

The exosphere  and c i r c u m p l a n e t a r y  s p a c e .  I n  e x i s t i n g  e s t i m a t e s ,  
t h e  e f f i c i e n c y  of  t h e  most p r o b a b l e  r e c o m b i n a t i o n  mechanism o f  
a tomic oxygen-markedly d e c r e a s e s  above a b o u t  200-250 km, i . e . ,  
n e a r  t h e  base of  t h e  e x o s p h e r e .  T h i s  a p p a r e n t l y  r e s u l t s  i n  t h e  
appearance  of a l a y e r  of a t o m i c  oxygen of  r e l a t i v e l y  small e x t e n t  
( c f .  F i g .  ll7), s i n c e  n e a r  these  l e v e l s  a d e f i n i t e  i n f l u e n c e  s h o u l d  
b e  e x e r t e d  by he l ium,  assuming,  of  c o u r s e ,  t h a t  t l h  c r u s t  of  t h e  
p l a n e t  i s  similar t o  t h a t  of E a r t h  and t h a t  h e l i u n  i s  p r e s e n t  i n  
the Venusian atmosphere to a b o u t  t h e  same e x t e n t  as i n  t h e  E a r t h ' s  

U 



atmosphere (-2-10 6 atoms cm2sec-I) [384]. 
4253, the measured profiles of the nighttime Venusian ionosphere 
above level h E 250  km can be xplained by He photoionization on 
the day side at a rate of 3-10? ~rn-~sec'l and a subsequent hori- 
zontal transfer of He' ions t o  the nighttime hemisphere (as In the 
Dickinson model). In the process, the following sequence of 
efficient ion-exchange reactions could be assured 

According to [423,  

-- /362 

accompanied by the reactions of dissociative recombination (VI.26) 
and the reaction t 1 3 6 3  o2 + e -+ 0 + 0 

Fig. 121. Spectra of the at- 
mospheric luminescenc of Mars 
in regions 1100-1900 !! and 
1900-3400 8,  averaged over 
120 measurements at the 
planetary limb on the 
Mariner-9. Resolution 15 A. 0 

The calculations of [ 2 4 6 ]  
demonstrate that the transport of 
about 10% of the helium ions formed 
on the day side during the planet's 
interaction with the solar wind secures 
the necessary balance between helium 
dissipation and helium appearance 
resulting from radioactive decay in 
the interior of the planet. Accord- 
ing to Wallace [539] ,  because of the 
high ionization potential of helium 
and because of the comparatively low 
temperature at the critical level, 
the helium dissipation rate for the 
Venusian atmosphere is significantly 
l e s s  than t h a t  for t h e  E a r t h ' s  a tmos-  
phere. Thanks to this, the ratio of 
contents n(He) /n(He)@ lo4. The 
calculations 0% [344], vhich g i v e  a 
value of %l(n(He) = 10 crr.-3)A 
h = 100 km, are less 9 convincing. 

of t 
Fig. 

Estimates of the scale height 

117) show that the dominant role 
he nighttime ionosphere (cf. 

of He apparently extends up t o  
500-700 km, while above this level, 
the structure of the Venusian atmos- 
phere is determined by the hydrogen 
content. The altitLtde distribution 
of the relative concentrations of 
components depends on a reliable 



interpretation of the mechanism responsible f o r  the measured inten- 
sity of the luminescence in the Lyman-alpha line, since this mechan- 
ism affects the estimate of exospheric temperature. The plasma tem- 
perature Tp is also estimated with this taken into account; this 
temperature wili evidently not differ much from Too on the night side, 
at least up to h : 600-1000 km. 

Fig. 122 summarizes existing notions about the structure of 
the neutral upper atmosphere and ionosphere of Venus up to an altitude 
of about 1000 km. It shows the profiles n(h) and Ne(h), by starting 
with the most probable values of scale heights for neutral and 
ionized components (Hn and Hi). Both experimental data and theoret- 
ical estimates were used in estimates of the altitude profile of 
the neutral atmosphere. 

Let us now turn briefly to the problem of Venus's interaction 

According to the measurements of Dolginov et al. on Venera-4, 

with surrounding space. 
~ 

the strength o f  the planet's own magnetic field is less than 1/3000 
of the Earth's [ 5 2 ,  52a]. 
(the intensity of the captured radiation is at least 10 times less  
than near the Earth) [530,554a]. By using the measured (by Gringauz 
et al. [226j) parameters of plasma in the undisturbed solar wind and 
in disturbed zones near the planet, the formation of a shock wave 
from the day side and an ionopause are assumed (cf. Fig. 55). 

Venus therefore has no radiagion belts /364 I 
It can be assumed that the energy of the oncoming flux is 

transformed into magnetic and heat energy in the region inside the 
shock wave. According to the model o f  Bauer et al. [192], the 
strength of the magnetic field increases from about 10 gammas in 
an undisturbed f l u x  t o  40 gammas in the vicinity 05 the ion pause, 
whereas the proton temperature increases from 3-10 
ionopause forms In the zone where the so la r  wind pressure P, = nmv' = 
= 1.6.10-8 dyne cm-2 is counterbalanced by the pressure of ionospheric 
charged particles and, possibly, by a small pressure from the planet's 
own magnetic field. 
conductivity, the flows induced by solar wind flux lie on the surface 
of the ionopause and the region directly adjoining it from the top. 
Therefore, the resulting induced magnetic field is located outside 
the ionosphere, A nearly analogous situation apparently holds true 
even in the more realistic case of an ionosphere of finite conduct- 
ivity. This is related to the fact that the time of magnetic 
diffusion tD is much greater than the time in which the direction 
of the interplanetary magnetic field changes and is ever! greater 
than the length of the Venusian day. As a result, diffusion of the 
interplanetary magnetic field into the undisturbed ionosphere is 
negligible, A precise estimate of the extent to which it penetrates 
requires a combined examination of the effects of change in t h e  
direction of the field and the planet's own rotation. 

to 4*1Og0K. T e 

In the ideal case of an ionosphere of infinite /365 
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OrtIGINAL PAGE IS 
OF POOR QUALITY 

I f  subsequent  measurements 
show t h a t  there  i s  an  a p p r e c i a b l e  
magnet ic  f i e l d  i n s i d e  t h e  iono- I -  

' ' , . V  . '  . I  

._... . - .- 
': I W  sphere,  t h e  n a t u r e  o f  t h i s  f i e l d  
I .  c o u l d  be  v a r i o u s :  e i t h e r  r e l a t ed  

1 ,-: i, e l e c t r i c a l  c u r r e n t s  a r i s i n g  from 

- ,  psi- ., ' - I  - .  

,> ! ; .  

!.. , i; 

--+--?. --.. -. 

' 5  t o  t h e  e x i s t e n c e  of  a weak mag- 
n e t i c  moment of t h e  p l a n e t ,  o r  t o  

l a r g e - s c a l e  i o n o s p h e r i c  i r r e g u l a r -  
i t i e s ,  o r ,  f i n a l l y ,  t o  a n  i n c r e a s e d  

*. . magnet ic  d i f f u s i o n ,  i . e . ,  a s h o r t e r  

t h i s  l as t  c a s e  c o u l d  o c c u r ,  f o r  
example, i f  t h e  e f f e c t i v e  d i s t a n c e  
Re, a t  which t h e  magnet ic  f i e l d  

t u r n e d  o u t  t o  b e  much l e s s  t h a n  

a p o s s i b i l i t y  c a n  i n  p r i n -  9'  
c i p l e  o c c u r  i f  t h e  r e g i o n  s t u d i e d  

: . \  
j t  

--.. . , I  

I %, 

\ ,  t D .  A s i t u a t i o n  c o r r e s p o n d i n g  t o  

-.-.__ I 

,\J-.i\- 
-._ -.- 

. ...--=- 
- .\ can  be c o n s i d e r e d  homogeneous, 

I .  t h e  v a l u e  on t h e  o r d e r  of  R 

- <<" -'-. \ 

Such 

F i g .  1 2 2 .  The c o n c e n t r a t i o n  of has a wave s t r u c t u r e  caused  by  t h e  
n e u t r a l  p a r t i c l e s  and e l e c t r o n s  t u r b u l e n t  c h a r a c t e r  of  t h e  f l u x  
vs  a l t i t u d e  i n  t he  Venusian a t -  a t  t h e  upper  boundary of  t h e  iono-  
mosphere.  I and I1 are  models sphere,  w i t h  c h a r a c t e r i s t i c  wave- 
o f  t h e  n i g h t t i m e  i o n o s p h e r e  
w i t h  v a r i o u s  assumpt ions  w i t h  
regard t o  t h e  s t r u c t u r e  of  t h e  A more d e t a i l e d  e x m i n a t i o n  
"plasma t a i l "  [ 3 0 4 ] .  I11 i s  a of  t h e  mechanism b y  which  s o l a r  
model o f  the  n e u t r a l  atmosphere.  plasma s u r r o u n d s  Venus, as w e l l  
I V  i s  a model of t h e  dayt ime as estimates o f  t h e  parameters i n '  
i o n o s p h e r e .  V i s  t h e  dayt ime t h e  boundary r e g i o n  and i n  t h e  i n -  
plasmapause.  duced " ionopause" ( o r  "magnetopause") ,  

l e n g t h  % L R e  <<  R .  

which are themselves of  i n t e r e s t ,  
can  b e  found i n  [47, 1 9 2 ,  246, 
5121. The most comprehensive 

concep t ions ,  which  are based on Mariner-5 data,  are developed  by  
Ness e t  a l .  C5821 and by Bridge e t  al. C5691. 

There  are  s t i l l  many compl ica ted  problems i n  t h e  p h y s i c s  o f  
Venus. Without d o u b t ,  s p a c e c r a f t  w i l l  p l a y  t h e  d e c i d i n g  r o l e  i n  
r e s o l v i n g  t h e s e  problems,  and i t  i s  t o  be e x p e c t e d  t h a t  t h e  n e x t  
few years a l o n e  w i l l  b r i n g  new and s i g n i f i c a n t  i n f o r m a t i o n .  T h i s  
i n f o r m a t i o n ,  t o g e t h e r  w i th  f u r t h e r  progress i n  t h e  methods of 
ground-based measurements and t h e o r e t i c a l  m o d e l l i n g  of t h e  p l a n e t a r y  
atmosphere,  w i l l  a l l o w  u s  t o  expand o u r  c o n c e p t i o n s  of  t h e  s t r u c t u r e  
and p h y s i c a l  f e a t u r e s  o f  t h e  p l a n e t  c l o s e s t  t o  E a r t h .  

/366 
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A P P E N D I X  1367 

Atmospheric Model of Venus 

Fundamental Propositions. This model, which has been calculated 
by Marov and Ryabov L102J,  establishes numerical values of the basic 
thermodynamic parameters and other physical characteristics of the 
Venus atmosphere f o r  the region of altitudes from :6 km to 1000 km. 

The chemical compositon of the atmosphere is given in Table 11, 
according to the direct Venera measurements, the data of ground- 
based spectroscopy and other estimates. A mean molecular weight ; 
is assumed for the model by using the following contents by weight 
of the basic atmospheric components: CO - 97%; N - 2%; H 0 and 
others - 1%. For this composition, = 63.4 .  It I s  assumei that 
this value and, thus, the prevalent C 0 2  content, remains unchanged 
up to an altitude of 200 km. Using approximate estimates of atomic 
oxygen, helium, and hydrogen content in the upper atmosphere 
(cf. Section V I . 2 ) ,  the profile of change in mean molecular weight 
shown in Fig. 123 was assumed above this level. 

The data from temperature and pressure measurements on the 
Venera spacecraft, data which cover altitudes from 55 km to the 
surface, are used as a basis for calculating the parameters of the 
lower atmosphere. The state of gas remained practically adiabatic 
throughout the entire region of measurements. Using this, calcul- 
ations of temperature and pressure in the troposphere correspond 
to an adiabatic approximation. In the basic calculated model, the 
value of temperature at the mean surface level is taken to be equal 
to 7 5 O O K .  The results of radio measurements are in good agreement 
with this value. This fact, as well as the absence of pronounced 
diurnal and latitudinal variatlons in temperature in t he  troposphere 
allow u s  to apply this model to any point on the surface of the 
planet. Two additional models -- a maximum and a minimum -- were 
calculated as limiting cases. They take account of the possible 
deviations from the mean statistical values of T and P at the level 
where the results of all Venera measurements are matched (the so- 
called reference point: cf. Section IV.3). 

The altitude profile of temperature and pressure in the Venusian 
stratosphere up to the region of the temperature minimum (the 
mesopause) is based on the results of radio refraction measurements 
of Mariner-5. Accordingly, T = 15OOK has been assumed. In this 
case, however, disagreement oye;bout an order of magnitude has been 
discovered in estimates of the value of numerical density at the /368 
Regulus occultation level (cf. Section IV.6). This discrepancy 
is a shortcoming of the model. In constructing the calculated pro- 
files of parameters in the Venusian thermosphere, an estimate of 
exospheric temperature from the measurements of the resonance nean 
emission in L T = 65OoK has been accepted as a point of departure; 

a w  
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t h i s  t e m p e r a t u r e  r e f e r s  approximate ly  t o  t h e  mean l e v e l  of solar 
a c t i v i t y  ( t h e  i n d e x  of  d e c i m e t r i c  s o l a r  r a d i o  e m i s s i o n  i s  
F = l3O*lO-*2 w * m 2  H Z - ~ ) .  The profiles T, P ,  and p up t o  
a i g i z u d e s  o f  1 0 0 0  km are c a l c u l a t e d  from t h e  c o n d i t i o n  of  t h e  
c o n s t a n c y  o f  T, 
change I n  E(h) a c c o r d i n g  t o  F i g .  123. 

i n  t h e  lower exosphere  and t h e  c h a r a c t e r  o f  t h e  

I .  

I 
! 

-.. _. - -._ 

. -  Because e x p e r i m e n t a l  and t h e o r e t -  
. -  i c a l  data a r e  l i m i t e d ,  t he  a l t i t u d e  pro- 

f i l e s  o f  p a r a m e t e r s  i n  t he  s t r a t o m e s o s -  
phere a re  t e n t a t i v e l y  t a k e n  t o  be 
similar t o  t h e  mean model. V a r i a t i o n s  
of e x o s p h e r i c  t e m p e r a t u r e  as a f u n c t i o n  
of  v a r i a t i o n  i n  s o l a r  a c t i v i t y  d u r i n g  
t h e  11-year  s o l a r  c y c l e  ( f rom 
Flo.7 250 a t  a maximum t o  Floe7 = 70 
a t  a minimum)are, a c c o r d i n g  t o  c u r r e n t  
estimates,  from 400OK t o  900°K 
( c f .  S e c t i o n  IV.4). These v a l u e s  are  

- a c c e p t e d  c o r r e s p o n d i n g l y  f o r  t h e  
\ minimum and maximum models.  - ...__ 

, 

F i g .  123. Model p r o f i l e  o f  
v a r i a t i o n  of  mean m o l e c u l a r  
weight of t h e  Venus ian  
atmosphere v s  a l t i t u d e .  

The most v a l i d  pa r t  of t h e  model 
i s  f o r  t h e  r e g i o n  from 0 t o  80 km aboye 
t h e  s u r f a c e .  It i s  p r e c i s e l y  t o  t h i s  
r e g i o n  t h a t  t he  d i r e c t  measurements of 
t h e  Venera s t a t i o n s  and t h e  Mariner-5 
r a d i o  probes  r e f e r .  The mode1,which i s  
based on a v a i l a b l e  (and r a t h e r ’  l i m i t e d )  
e x p e r i m e n t a l  ma te r i a l ,  i s  a p r e l i m i n a r y  
model and w i l l .  b e  s u b j e c t  t o  f u r t h e r  
r e f i n e m e n t  as  new data a re  o b t a i n e d .  

S t a r t i n g  p a r a m e t e r s .  The f o l l o w i n g  v a l u e s  a re  used i n  t h e  
c o n s t r u c t i o n  o f  t h e  model. 

where g ( h )  and g are t h e  g r a v i t a t i o n a l  a c c e l e r 2 t l o n  on Venus a t  
a l t i t u d e  h and a! a mean s u r f a c e  l e v e l  c o r r e s p o n d i n g  t o  t h e  mean 
r a d i u s  of  Venus R 

9 .  
Molecular  t e m p e r a t u r e :  

” , .  
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Where T is the kinetic temperature, and Ms and M are the molecular /369 
weight of gas at the mean surface level and at altitude h'. 

The molecular temperature gradient at any geopotential altitude: 

Values of temperature T and molecular weitht DI, which are given in 
the table as a function of altitude, are taken to be the starting 
parameters. 

Values of physical characteristics of the atmosphere at the 
surface. 

Barometric pressure 
Model I ( b a s i c  model) 
Model I1 
Model I11 

P, = 9 . 7 4 ~ 1 0 ~  N/m2 ( 9 9 . 3  ke;/cm2) 
6 D 

Ps = 9.34.10 N/m2 (95.2 kg/cm2) .-. c. 

Ps = 1.02-10.' N/m2(104.0 kg/cml') 

Temperature 
Model I (basic model) T, = 75OoK 
Model 11 Ts = 75'7°K 
Model I11 Ts = 743OK 
Molecular weight Ks = 43.4 

Physical constants: gas constant 
universal R = 8.314 joule/deg.molc 

specific Ro = - - - 191.57 joule/deg'kg 
Coefficient of viscosity f o r  C 0 2  at T = 273.16OK in t he  r e g i o n  

MS 
I 

of moderate pressures 
~ 

/ ,  ~ V ~ I  ;:I gm/m-grad 

Ratio of heat-capacity at constant pressure and heat-capacity 
at constant volume in normal conditions 

= 1 3 6 5 ~ 1 0 - ~  N.sec/m 2 
% 

The functions Cp(T,P), CV(T,P) are taken according to C361. 

Here and herinafter M designates the m o l e c u l a r  weight, in order 
to avoid confusion with dynamic viscosity 1-1. 

J 
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A c c e l e r a t i o n  of f ree  f a l l  on t h e  s u r f a c e  
go = 8 . 8  m/sec 

Mean radius of  Venus 

R = 6,050,000 m 
9 

Avogadro 's  number 
NA = 6 . 0 2 4 7 0 - 1 0 2 3  mol'' 

-- 1'370 

C a l c u l a t e d  f o r m u l a s .  Values  c a l c u l a t e d  i n  t h e  tab les  from t h e  
f o l l o w i n g  f o r m u l a s :  

P r e s s u r e  i n  a n  i s o t h e r m a l  l a y e r  (Q = 0 )  

i n  a l a y e r  w i t h  a l i n e a r l y  v a r y i n g  t e m p e r a t u r e  (Q = c o n s t . )  

where n(T,P)  i s  t h e  C 0 2  c o m p r e s s i b i l i t y  f a c t o r  [361 .  
script * shows t h a t  t h e  value r e f e r s  t o  t h e  lower boundary of t h e  
l a y e r  under  d i s c u s s i o n .  

The s u p e r -  

Density: 
1' 

' / , , I I , , l ,  ( I , ,  1 ' )  

Acceleration of f r ee  fall: 

Speed of sound: 

Dynamic c o e f f i c i e n t  of v i s c o s i t y  t o  a l t i t u d e s  of  h 5 50 km [ 3 6 ] :  
8 :  ( , S K I > '  : -!.-<.!. 7 '  . 

8 
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Dynamic c o e f f i c i e n t  of  v i s c o s i t y  f o r  a l t i t u d e s  of  h > 50 km [lg]: 
-7 ; 1 1 ,  --, , 

I ll .- I1 . ' d  I - I t  

Kinematic c o e f f i c i e n t  of  v i s c o s i t y :  
! -  

< C o e f f i c i e n t  o f  h e a t  c o n d u c t i v i t y  t o  a l t i t u d e s  o f  h - 50 km C361: 

C o e f f i c i e n t  o f  h e a t  c o n d u c t i v i t y  f o r  a l t i t u d e s  of h > 50 km: /371 

where w i s  t h e  mean a r i t h m e t i c  m o l e c u l a r  v e l o c i t y .  ~ 

Fig .  1 2 4 .  Temperature  p r o f i l e  
of  t h e  Venusian atmosphere vs  
a l t i t u d e  f o r  t h r e e  models.  

., 1. 

I 

i 

i 

. 
J 

F i g .  1 2 5 .  P r e s s u r e  p r o f i l e  
i n  the Venusian atmosphere vs  
a l t i t u d e  f o r  t h r e e  models .  
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4 

Scale height : 

Number of particles per unit volume: 

\ -,, 1 , . ] I t  , .. . 

Tables. Tables 24-25 give t h e  basic model of the Venusian 
atmosphere. Altitude profiles of temperature, pressure, and 
numerical density f o r  the basic, the maximum and the minimum models 
are shown in Figs. 124-126. On the graphs the basic model I is 
shown by the "+" , model I1 by the "x", and model I11 by the diamond. 
Tables of I1 and I11 are given in [102]. 

For altitudes from -6 to 100 km, values of temper'ature and 
molecular weight are given at every two km; f o r  altitudes 100-200 km, 
every 5 km; for altitudes 200-500 km, every 25 km; and f o r  altitudes 
500-1000, every 50 km. In each of these segments of the temperature 
profile, the gradient of molecular temperature with geopotential 
altitude is considered constant or equal to zero. The values of 
pressure P and density p are calculated from the equations of  
hydrostatic equilibrium and gas state, with deviations from ideal 
gas conditions at high T and P taken into account according 
to C361. 

-. -.. 
1 A -  

1 i i  18 ' '11 
I[:!). v 

F i g .  126. Density profile 
of the Venusian atmos- 
phere vs altitude f o r  
three models. 

The values of the physical parameters 
of the atmosphere are given in MKS 
Systey of Units (and pressure in 
kg/cm a l s o ) .  

temperature T ( eg K )  

density P (kdm 
speed of sound a (m/sec) 
dynamic c o e f f l c i e n t  of 

viscosity p(kg/m'sec) 
kinematis coefficient of 

viscosity v (rn /see) 
a celeration of free f a l l  

coefficient of heat conductivity 

number of part , lcles per unit 

mean molecular free path I(m) 
scale height H (m) 

pressure P (N/m3) !! 

g(m/sec 5 1 

X (w/m*deg) 

volume n (m-3) 

8 
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For the sake of convenience, the relations between units of 
measurement are given: T 

pressure 1 N/m2 = 10;1972*1y2 kg/cm2 
density 1 kg/m3 = 10-3 g/cm 
dynamic coefficient of viscosity: 1 N sec/m2 = 10 P = l E 3  cP  
coefficient of heat conductivity: 1 w/m deg = 2.3866.10 

sec deg = 0.8598 kcal/m hour d e g  
kcal/cm 

TABLE 2 4 .  BASIC MODEL O F  THE VENUSIAN ATMOSPHERE 

--- 
'I, km 

I I 

, .- 
I 

(; 

2.') 
f .5  

5.0 
9 . 3  
2. f 

4 

1.: 
6.7. to2 
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OF POOR QUALr'W 
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T a b l e  24 (continued) 
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TABLE 2 5 .  BASIC NODEL OF THE VENUSIAN ATPOSPFERE 

, .  I 

I 

l i I  '. 
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T a b l e  25 (continued) 

/ sec w h -  deg 

--- 

a 
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